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Abstract 

 Lignin is an important component of biomass that has recently become a subject of interest to 

the scientific community as a highly attractive renewable source of chemicals, materials and fuels. 

However, lignin has a complex structure with high stability bonds, making lignin depolymerization a 

challenging mission. 

 The main goal of this thesis was to depolymerize lignin combining three distinct approaches: 

enzymatic, chemical and electrochemical depolymerization.  

 Therefore, laccase from Trametes versicolor, was tested with the mediator, ABTS (2,2’-Azino-

bis(3-ethylbenzothiazoline-6-sulfonic acid) to identify the optimal conditions, in order to obtain the higher 

enzymatic activity possible. 

 There are several studies about laccase behavior in the presence of ionic liquids (ILs) to 

degrade lignin, but since these solvents are expensive, the goal was to try other solvents with similar 

physical-chemical properties, like sodium xylene sulfonate (SXS) and a deep eutectic solvent (DES). 

 The reaction system was composed by the enzyme, solvent and lignin. In order to understand 

the behavior of the system components in the presence of electrochemistry, two different potentials, 

0.05 and 0.25 V, were applied to a stirred reactor, to be subsequently compared with the system without 

electropotential. 

 Results showed that the ideal conditions for the laccase production involved Pichia Trace Metals 

(PTM1) medium supplemented with kanamycin, at pH 5. Laccase activity decreases with the solvents 

concentration, especially with DES. In the further experiments, there were used 10 w/v % of SXS and 

80 v/v % of DES. Enzymatic activity was improved applying a certain potential for all solvents, reaching 

higher values with the higher potential studied.  

 Finally, lignin depolymerization products were analyzed by two different analytical techniques, 

GPC (to get product molecular weight information) and GC-MS (for product characterization and 

quantification). 

Keywords: Lignin; Laccase; Electrochemistry, Deep Eutectic Solvent (DES), Sodium Xylene Sulfonate 

(SXS) 
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Resumo 

 A lignina é um constituinte importante da biomassa, que se tem vindo a tornar um assunto de 

interesse para a comunidade científica como uma atrativa fonte renovável de produtos químicos, 

materiais e combustíveis. No entanto, a lignina tem uma estrutura complexa, possuindo ligações muito 

estáveis, tornando a sua despolimerização uma tarefa desafiante. 

 O principal objetivo desta tese foi despolimerizar a lignina conjugando três abordagens 

diferentes: despolimerização enzimática, química e electroquímica. 

 A enzima testada foi a lacase, proveniente de Trametes versicolor, utilizando o mediador ABTS 

(2,2’-azino-bis(ácido 3-etilbenzotiazolina-6-sulfónico) para obter as condições ótimas que permitissem 

atingir a maior actividade enzimática possível. 

 Existem vários estudos sobre o comportamento da lacase na presença de líquidos iónicos para 

degradar a lignina, contudo estes solventes apresentam custos elevados associados, assim sendo 

foram escolhidos outros solventes com propriedades físico-químicas semelhantes como o XSS (xileno 

sulfonato de sódio) e DES (fluidos eutéticos profundos).  

 O sistema reacional é constituído pela enzima, solvente e lignina. Com o objetivo de 

compreender o comportamento dos constituintes do sistema utilizando a electroquímica, foram 

aplicados dois potenciais, 0.05 e 0.25 V, a um reator agitado, para ser posteriormente comparado com 

o sistema na ausência de potential electroquímico. 

 Os resultados mostraram que as condições ideais para a produção de lacase são atingidas ao 

utilizar o meio Pichia com metais traço (PTM1) complementado com canamicina a pH 5. A atividade da 

lacase diminui com o aumento da concentração dos solventes, especialmente com o DES. Nas 

experiências desenvolvidas foram utilizados 10 p/v % de XXS e 80 v/v % de DES. Ao aplicar qualquer 

um dos potenciais a atividade enzimática aumenta, atingindo os valores mais elevados quando se 

aplicou a potencial mais alto.  

 Depois da despolimerização, os produtos derivados da lignina foram analisados por duas 

técnicas analíticas diferentes, GPC (para obter informações sobre o peso molecular dos produtos) e 

GC-MS (para caracterização e quantificação dos produtos). 

Palavras-chaves: Lignina; Lacase; Electroquímica, Xileno Sulfonato de Sódio (XSS), fluidos eutéticos 

profundos (DES) 
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 Introduction and Objectives 

 Since the second half of the 20th century, the interest of biomass as a potential substitute of 

liquid fuels has increase. Lignin valorization has an important role in the modern biorefinery scheme, 

and its structure and composition offer several useful chemicals [1].  

 For many years, lignin has been considered a low-quality and low-added-value material, having 

no relevant industrial application. Instead, lignin is burned as a low-value fuel, to be used for internal 

heat and power generation [2]. In 2010, it was estimated that 50 million tons of lignin were extracted 

from pulp and paper industry, but only 2 % has been commercialized for low-value products, such as 

surfactants and antioxidants in plastics and rubber [3]. Not using this highly complex chemical system 

appears a waste of potential. This is mainly because of its complex structure and the several types of 

linkages is the lignin molecule, making it difficult to depolymerize lignin into single organic compounds 

[4]. 

 Lignin organic composition, structure and availability as a natural resource, suggest that such a 

resistant and stable biopolymer may become an important key to the renewable energy industry, having 

the potential to be a sustainable alternative to fossil fuels [5]. Nowadays, lignin represents 30 % of all 

non-fossil organic carbon on earth and its availability increases almost by 10 % every year [3]. 

 Several different lignin depolymerization strategies to harvest value-added phenolic compounds 

such as ionic-liquid catalyzed, oxidative, enzymatic and electrochemical depolymerization, can be found 

in the literature [1][4]. 

 This thesis aimed to evaluate the feasibility of an integrated biological and chemical strategy for 

lignin depolymerization. 

 In order to depolymerize lignin through an enzymatic method, a laccase variant [6] from 

Trametes versicolor was expressed in Pichia pastoris and used, since this fungal laccase is an 

oxidoreductase, working as a biocatalyst in the depolymerization reaction. The only resultant by-product 

is water, making it non-pollutant process. 

 There are several successful studies about laccase in the presence of ionic liquids (ILs) to 

degrade lignin, however ILs consumption is not the most affordable method. Therefore, two other types 

of solvents with similar characteristics were preferred. Sodium Xylene Sulfonate (SXS) solvent was one 

of the options, since in this solvent lignin solubility is independent from the pH values, allowing enzymatic 

processes. Deep Eutectic Solvent (DES) ChCl:EtGly, a mixture of choline chloride with ethylene glycol, 

is a nonaqueous solvent also chosen to depolymerize lignin that is currently investigated with this 

objective. 

 The third approach used in this work to depolymerize lignin was electrochemistry. By applying 

a certain potential to an electroactive lignin solution is possible to degrade lignin structure into smaller 

molecules. Electrochemical depolymerization is a controllable and affordable method that does not 

require oxidizing agents to treat lignin. 
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 In complementing research preceding this work, the purpose of this thesis is to connect the 

three distinct strategies described before to depolymerize lignin, in order to obtain high-value organic 

chemicals and identify them. 
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 Theoretical Background 

2.1. Lignin  

 Lignocellulosic materials contain essentially two carbohydrates, cellulose and hemicellulose, 

and an aromatic polymer, lignin. These materials have an important role in the survival of plants, being 

the most available raw material on Earth for production of biofuels, such as bio-ethanol [7]. 

 Lignin is a complex and heterogeneous polymer of monolignols with a three-dimensional 

network present in plant secondary walls, between the cells of vascular plants, acting as a linker 

between cellulose and hemicellulose, by a hydrogen bond (figure 2.1). This polymer has an important 

role in the structure support, defence against pathogen attack, stress responses and water transport, 

being an important source of biomass. In its native form, this organic polymer is almost impossible to 

dissolve in water, due to its irregular cross-linked network [7] [8]. 

 Lignin is composed by three structural monomers: coniferyl, sinapyl and p-coumaryl alcohol, 

called monolignols which are polymerized and connected to each other by different types of linkages. 

This natural linking process occurring in the lignin structure is known as lignification [9]. 

 The lignin structure differs comparing different wood species [10], but it is essentially constituted 

by phenylpropane units linked to each other by irregular coupling of carbon-carbon and carbon-oxygen. 

Lignin structure presents few main functional groups in its constitution, such as phenolic hydroxyl, 

methoxyl and aldehyde groups. Phenol groups have an important role through biodegradation 

processes, since it is the most reactive site in lignin structure. There are some kinds of linkages for 

different types of lignin, although the most common and important one is the β-O-4’ bond (figure 2.2), 

since it is susceptible to pulping, bleaching and biological degradation reactions, allowing the 

delignification of lignin [9] leading to value products, such as vanillin [11]. It is a great challenge to 

separate lignin in smaller compounds in high quantity and high purity without having significant 

modifications in its native structure, and these products are usually contaminated with residual 

carbohydrates or some chemicals from lignin treatment process [12].  

Figure 2.1 - Lignocellulosic biomass scheme [8] 
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 This polyphenolic polymer can be divided into softwood, hardwood and grass lignin, and its 

content in woody plants and herbaceous plants is between 27-32 % and 14-25 %,  respectively [7].  

 Lignin structure can go through two kinds of chemical reactions during pulping and bleaching 

processes: nucleophilic and electrophilic reactions, respectively. The nucleophilic reaction happens on 

the side chain of the lignin structure, while the electrophilic reaction takes place on the aromatic ring 

[13]. 

 Lignin can be isolated from by-product-streams in lignocellulosic biorefineries such as kraft, 

organosolv, soda, hydrolysis lignins and lignosulfonates [14]. 

  

Figure 2.2 – Structure of a lignin fragment, showing the most important bond, 
β-0-4’ linkage [9] 
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2.2. Enzyme 

 Laccase Brief History 

 Laccase (p-diphenol:dioxygen oxidoreductase, EC 1.10.3.2) is part of a group of enzymes 

known as polyphenol oxidases that could be found in several fungi, plants, microorganisms and insects 

[15]. These enzymes are essentially abundant in many white-rot fungi, such as Trametes versicolor, that 

degrade lignin [16] and many xenobiotic compounds slightly specified [17]. These oxidoreductases 

participate in cross-linking of monomers, cleavage of aromatic compounds and degradation of polymers, 

they oxidize electron-rich substrates of non-phenolic and phenolic lignin-related compounds [18]. This 

oxidoreductase is involved in lignin degradation and biosynthesis, pigment formation in fungal spores, 

plant pathogenesis and as fungal virulence factors [19]. 

 Fungal Laccases and its Functions 

 Usually fungal laccases present higher redox potential compared to plants or bacterial laccases, 

possessing a potential for applications in biotechnological processes. Fungal laccases have the capacity 

of high activity and, due to their developed hyphal organization that can efficiently penetrate plant cell 

walls, they have the ability to degrade lignin [19] [20]. 

 These biocatalysts not only contribute to the delignification processes, but also to the influence 

on polymerization of their oxidation products and they can protect fungal pathogens from toxic 

phytoalexins and tannins. Laccases are capable of oxidizing many aromatic compounds and some 

inorganic compounds, such as ferrocyanide ions [21]. When degraded, lignin release some toxic 

products that can negatively affect the fungal mycelium, the presence of the laccase will preclude this 

to happen, converting the phenolic compounds to nontoxic polymers [22] [23]. Fungal laccases can be 

expressed intra or extra-cellular and are capable of converting wood, plastic as well as other materials 

into nutrients, these are responsible for detoxification, fructification, sporulation, phytopathogenicity and, 

are also involved in lignin degradation. Having a higher redox potential than bacterial and plant laccases, 

fungal laccases have an important role in several biotechnological applications, such as the removal of 

toxic phenolic compounds from industrial waste water and from lignin degradation [16]. Since the 

majority of native fungi and bacteria presents low laccase activities, laccase genes are cloned and 

inserted into different microorganisms (host), such as Pichia pastoris, improving their expression at 

industrial level [19]. 

 To obtain high-value products lignin depolymerization is required to obtain low molecular weight 

phenolic and aromatic compounds [19]. During the lignin oxidation process the extracellular enzymes 

are involved, only requiring molecular oxygen for catalysis. Laccase has the ability to attack and degrade 

lignin, but since it is a polymer with a huge structure, it is not possible for the laccase to oxidize it directly. 

To overcome this problem, a mediator is required to depolymerize the compound. The majority of the 

laccase mediators are phenolic fragments of lignin. 
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 ABTS (2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) is considered to be the best 

mediator for laccase. It was the first artificial mediator to be used in the LMS (laccase-mediator system) 

for pulp delignification [22], following the electro-transfer mechanism [23], that is depicted in figure 2.3.  

 ABTS works as an intermediary substance, speeding up the reaction rate, by shuttling the 

electrons from the substrate, improving the catalytic activity of laccase. The reaction of this “redox 

mediator” with the enzyme involves two steps. In the first one, ABTS is oxidized to its radical cation, 

ABTS+, and in the second stage, ABTS2+ dication is formed [24]. The first cation is responsible for the 

oxidation of the phenolic structures of lignin, while the dication works as an intermediate, oxidizing the 

non-phenolic structures [25]. By using substrates mediators with higher redox potential the oxidation 

efficiency is enhanced, favoring lignin degradation [26]. The redox potential of the T1 copper site of 

laccase is about +780 mV [27]. 

 Structure of the Active Site of Laccases  

Laccases are multicopper oxidases that contain four catalytic copper ions (Cu2+) in the active 

site, as described in figure 2.4. The type I (T1) site contains the T1 copper, known as blue copper center. 

This copper is responsible for the substrate oxidation acting as a primary electron acceptor, and for the 

redox potential of the laccase. The T1 forms a trigonal structure with the two histidine imidazole ligands 

and with the sulfhydryl group of cysteine, recognized by the distinctive band of optic absorption at the 

wavelength of 600 nm. After being accepted in T1, the electron is transferred to the trinuclear cluster, 

consisting of Type II (T2) and Type III (T3) site, the last one is composed of two copper ions. Molecular 

oxygen binds to these sites of the enzyme and thus form a tree-dimensional structure, with eight 

imidazole residues of histidine ligands. Together these three copper atoms form a tri-nuclear center that 

is responsible for the fixation and reduction of oxygen to water. Depending on the laccase, the active 

structure may change, since its stability depends on the hydrogen bonding and salt bridges that exist 

between the copper atoms [19][22].  

Figure 2.3 - Laccase-catalyzed redox cycle for substrate oxidation in the presence of chemical 

mediator [23] 
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These phenol-oxidizing enzymes catalyze the oxidation of phenolic substrates and aromatic 

amines, while reducing molecular dioxygen to water, one molecule of oxygen gives rise to two molecules 

of water [22][23]. 

 Industrial Applications 

Fungal laccases are a group of multi-copper blue enzymes that have a large range of 

applications in biotechnological processes, including: detoxification of lignocellulose hydrolysates in fuel 

ethanol production; delignification of pulp for paper manufacture; detoxification of industrial effluents and 

pollutants, textile, food and petrochemical processing; design of biosensors; production of biofuel cells; 

polymer synthesis; bioremediation of contaminated soils and production of fiberboards [18][28]. 

Enzymes are very specific, efficient and ecologically sustainable, in that way they are a great substitute 

to chemical methods [17]. 

2.2.4.1. Lcc2 variant M3 

 The laccase cDNA from white-rot fungi can be expressed in some yeasts and fungi, like, 

Saccharomyces cerevisiae, P. pastoris and Aspergillus niger, respectively. Lcc2 variant M3 (Figure 2.5) 

has a 3.5-fold higher activity and moreover 4.5-fold higher activity in the presence of 15 v/v % ionic liquid 

compared to the wild type (WT) [6]. 

Figure 2.4 - Structure of the copper coordination network of the laccase 
molecule, adapted from [22] 
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 Pichia pastoris as an Expression Host for Laccase 

 Pichia pastoris is a methylotrophic yeast (eukaryote microorganism) widely used in the 

pharmaceutical and enzymatic industry fields as a protein expression host. It is commonly used in 

recombinant DNA techniques for the production of proteins. P. pastoris is a simple, fast, inexpensive 

and well established recombinant expression system, used essentially for heterologous protein 

production [29]. It presents advantages over other eukaryotic and prokaryotic expression systems, such 

as higher levels of productivity, faster growth rate, easier genetic manipulation of the yeast expression 

vectors and easy large scale cultivation [30]. The P. pastoris expression system involves the insertion 

of the gene of interest into an expression vector, then the expression vector is introduced into the P. 

pastoris host and finally the strains potential can be measured for the expression of the foreign gene 

[28]. This heterologous protein expression system presents high protein expression yield, post-

translational modifications such as glycosylation, efficient secretion of extracellular protein and reaches 

a high rate for a variety of recombinant proteins, offering a high cell density [31]. Another advantage of 

the use of P. pastoris is that there is no production of cellulolytic enzymes, and laccase produced in this 

host could be applied directly in the pulp and paper industry, without the need of a purification step [32]. 

 P. pastoris has been widely used as an expression host for heterologous production of laccase 

from a lot of fungi, such as Trametes versicolor, Botrytis aclada, Ganoderma sp. En3 and Fome lignosus, 

which demonstrates that P. pastoris expression system is appropriate for laccase expression [29][33]. 

The laccase lcc2 gene is inserted in the yeast expression vector (GAPZαA). The gene expression is 

under control of the GAP promoter (PGAP), which provides a stable gene expression control and ensures 

transcriptional homogeneity without using an inducer [34]. 

 Fermentation of Pichia pastoris 

 P. pastoris is one of the mostly used expression systems, considered an exceptional industrial 

platform for protein production using eukaryotic processing. The fermentation using P. pastoris is 

efficient, fast and economical, presenting many advantages facing others microorganisms [35]. 

 S. cerevisiae is not the best option for large-scale production, it presents a low protein yield and 

loss of the plasmid during the scale-up. As a substitute of S. cerevisiae, P. pastoris expression system 

Ala318Val

Phe265Ser

Figure 2.5 – 3D structure of Lcc2 M3 variant. Homology 
models was generated with the YASARA software package 
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has been developed, producing high cell densities in a simple and defined medium, having strong 

promoters, host strains and expression vectors for genetic manipulation, which may improve protein 

yields. P. pastoris is also a good alternative over E. coli, since eukaryotic proteins can be expressed 

easily in the yeast, because of the posttranslational modifications that occurs using E. coli. P. pastoris 

is easier to manipulate, having more active functional recombinant proteins and higher success rate 

[36].  
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2.3. Solvents: Deep Eutectic Solvents and Sodium Xylene Sulfonate 

 Solvents Description  

 Ionic liquids (ILs) are organic salts that usually melt at temperatures below 100ºC. They have a 

non-flammable and non-volatile nature that makes them an excellent choice for the development of 

safer and non-pollutant processes. Furthermore, they display almost negligible vapor pressure, and their 

polarity, hydrophobicity, viscosity and other chemical and physical properties can be selected by 

choosing the cationic or the anionic constituent. ILs are widely considered as alternatives to classical 

organic solvents. Accordingly, they have been applied in many fields, such as organic synthesis, 

electrochemistry, liquid phase extraction, catalysis for clean technology and polymerization processes  

[37][38], having also the capacity to dissolve polar and non-polar organic, inorganic and polymeric 

compounds. Although known as “green solvents”, not all ILs are safe and nontoxic, particularly during 

their synthesis [38].  

 ILs have the advantage of dissolving raw biomass at low temperature and pressure. These 

solvents dissolve and simultaneously disrupt the lignin and the hemicellulose network, presenting high 

selectivity in lignin oxidation processes. It has been proved that in the presence of ILs it is possible to 

oxidize lignocellulosic biomass [14]. 

 Deep eutectic solvents (DESs) are a class of ionic liquids with similar physical-chemical 

properties but different chemical properties, having some advantages over ILs, such as being much 

cheaper, non-toxic, biodegradable and biocompatible, being considered environmentally friendlier [39]. 

DESs are simple to synthesize, thermally stable and easily prepared. With all of this properties, DESs 

are now of growing interest in many fields of research, such as fractionation of lignocellulose, catalysis, 

enzymatic reactions, electrochemistry and material chemistry. These solvents are mainly used for the 

extraction and separation of target compounds, such biodiesel, aromatic hydrocarbons, gas and 

bioactive compounds. DESs are capable of dissolving woody biomass and selectively extract lignin, 

hemicellulose and cellulose, with high yield and purity [12] [40] [41] [42] [43].  

 This new type of solvents are formed by mixing together two safe components, with moderate 

heating, a solid organic salt and an organic hydrogen bond donor (such as urea, glycerol and ethylene 

glycol), that together form an eutectic point, i.e., the chemical composition and temperature 

corresponding to the lowest melting point of a mixture of components, leading to the formation of a liquid 

phase [44][45]. This mixture has a melting point below room temperature resulting in a stable viscous 

liquid, with low volatility, higher density than water and high electrical conductivity and refractive index 

[46][47]. DESs present high polarity, being considered homogeneous catalysts and a good solvent in 

biodiesel applications [47]. One of the most common organic salts used for the formation of DESs is 

choline chloride (ChCl). It is a quaternary ammonium salt which is very cheap, biodegradable and non-

toxic. ChCl is extracted from biomass or fossil reserves already synthesized. With the intensive study 

over these new solvents, it is known that ChCl-derived DESs are able to convert (catalytically) renewable 

raw materials into valuable compounds, like lignin and cellulose [43].  

 In the last few years, DESs have been a field of interest in electrochemistry, since the metal 

salts are very soluble, water-free and they present a higher electrical conductivity than non-aqueous 
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solvents [39]. Choline-based eutectic solvents are used as electrolytes in electrolysis processes, since 

they have high electrical conductivities, low melting temperatures, low viscosities and extensive 

electrochemical window [47]. These are used as electrolytes for electrodeposition and electropolishing 

of metal dissolution and in enzymatic and chemical reactions [45]. In this way, the electrical conductivity 

is a very important property in these type of processes. It depends on the temperature and the solution 

viscosity. A decrease in viscosity increases the mobility of ions, as well as the conductivity [47]. Despite 

all the promising applications in many fields, these solvents are still instable during electrochemical 

processes and their high viscosity is not always ideal, for instance during heterogeneously-catalyzed 

processes. Sometimes the DESs reactivity compete with the substrates in an enzyme-catalyzed 

reaction, which may result in undesirable side-products, so further research is required to improve these 

solvents [43][48]. 

 Sodium xylene sulfonate (SXS) is a hydrotropic solution with similar characteristics of a 

surfactant that solubilizes hydrophobic compounds in aqueous solutions. This means that SXS 

increases the ability of water to dissolve other molecules. The most known hydrotropes are 

hydroxybenzenes and benzenesulfonates, which can increase the solubility in the presence of water. 

Hydrotropic compounds are amphiphilic substances, composed by a hydrophilic and a hydrophobic 

functional group. This hydrotropic solution is used in liquid detergent formulations as a solubilizer and 

coupling agent. SXS is considered as a “green solvent”, economical, being biodegradable, non-

corrosive, non-reactive, independent of pH, high selectivity, absence of emulsification, non-toxic, 

presenting a low volatility compared to other solvents and it is known as one of the best reagents to use 

for delignification [10][49][50]. When using hydrotropic treatment to isolate lignin from biomass, it is easy 

to recover lignin by a dilution step with water. The resultant lignin will not contain sulfur and the same 

hydrotropic solution can be used more than six times before a recovery step is necessary [51]. 

Hydrotropic solutions are mentioned to be ionic organic salts that increase (“salt in”) or decrease (“salt 

out”) the solubility in a given solvent, these solvents do not present colloidal properties and comprise 

weak interactions between the hydrotropic agent and solute. Hydrotropes are frequently used to improve 

the rate of heterogeneous reactions, as well as for the separation of mixtures that have close boiling 

points through extractive separation and liquid-liquid extraction [52]. 

 Hydrotropic solutions provide highly selective separation in industrial processes, when there are 

present mixtures difficult to separate by conventional methods. SXS is used to extract lignin from 

different softwood and hardwood materials. It is applied to improve the lignin solubility, being used in 

base-catalyzed lignin depolymerization by Lavoie. The ratio used between the concentration of lignin 

and base is very important in the process [53]. SXS solubilization is a successful technique used in 

paper pulp manufacturing industry [52]. 

 Enzymatic activity in presence of DES, SXS and ILs  

 ILs influence the enzyme performance and stability in aqueous systems, these are used as co-

solvents in biocatalytic reactions, having an effect on the solubility of the substrate, enzyme structure 

and its interactions with water [54]. These “green” solvents have been developed for chemical and 

enzymatic reactions, as well as for the extraction of natural products. ILs can be used to separate 
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cellulose and lignin from wood biomass, followed by enzymatic delignification. The presence of these 

solvents can increase the solubility of phenolic compounds. According to Tavares et al. (2008), the 

increase of ionic liquids concentration negatively affects the laccase activity [55]. The pretreatment of 

the wood particles is usually done with ionic liquids at high temperatures, the wood and other 

lignocellulosic biomass is dissolved and then filtrated, resulting in the separation of lignin and cellulose 

rich materials. In the next steps the rich materials go through an enzymatic delignification combined with 

precipitating solvents, resulting in cellulose fiber [56]. 

 In the presence of DESs, the enzymatic activity depends on both the type of substrate, enzyme 

and solvent constituents. Using DES solutions, the enzyme-substrate is more easily dissolved than in a 

buffer solution, considered cosolvents for biocatalysis. Increasing DES concentration will decrease 

enzymatic activity by destabilizing the enzyme-substrate interaction and can lead to enzyme 

denaturation, since enzymes are very sensitive to changes of medium pH. DESs with low viscosities 

are most favored for the enzyme behavior. Choline-based solvents are biocompatible with some 

enzymes, such as lipase [41][45]. When dissolved just in pure DES, it is known that laccase is inactive, 

however, after adding water the enzyme became active [57]. DESs are not the ideal environment for 

enzymatic catalysis, since they present a strong hydrogen bond donor which tends to denature proteins, 

inactivating them. Although there are some studies that have revealed that many hydrolases and lipases 

retain activity in this type of solvent, what means that the enzymes may be active [44][48].  

 As stated above, hydrotropic solutions, as those involving SXS, are used in extraction and 

separation methods, furthermore these solvents are used to improve enzymatic hydrolysis efficiency, 

preserving the activity of the enzyme [58]. 
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2.4. Cleavage of Lignin/lignocellulosic biomass and depolymerization 

 Overview of depolymerization processes 

 Lignin can be used as an energy source, when incinerated to produce process steam and 

energy, or converted into value-added products, presenting interest to several industries including food 

industry, medicine, polymer processing, bioenergy, agriculture, paper and pulp processing and biofiber 

[59][60]. It can be used to obtain phenolic compounds, guaiacol, carbon fiber, activated carbon, bio-

plastics and vanillin [61].  

 There are several strategies to isolate/extract lignin from wood, including physical (mechanical 

disruption), physicochemical, chemical, electrochemical and biological techniques [62][63]. In order to 

separate lignocellulosic materials to single components, pulping is the most used process, there are 

different delignification methods, including the lignosulfonate process (common in the paper industry), 

Kraft process and organosolv process [60]. 

 With the aim of converting lignin into value-added products, several techniques have been 

developed. Lignin depolymerization can be achieved using chemical, biochemical, pyrolysis, enzimatic 

or electrical processes. The major challenge is to find a method with a selective cleavage to obtain a 

specific product. 

 Recently, the chemical depolymerization of lignin has been largely studied and improved, such 

as base-catalyzed and acid-catalyzed reactions that require high reaction temperature and high 

pressure, considered expensive methods. Metallic catalyzed depolymerization has a high selectivity to 

some products and it does not need rough reaction conditions, being an economically profitable process. 

ILs-assisted and supercritical fluids-assisted lignin depolymerization present a high selectivity and 

conversion rate, but otherwise these chemical techniques are very expensive which limits their 

application [53].  

 Due to its high molecular weight and its complex and heterogeneous structure (figure 2.6), 

biological degradation of lignin should be performed by extracellular enzymes from lignin degrading 

microorganisms. The biodegradation of lignin is a challenging procedure. White rot fungi produce 

ligninolytic enzymes, such as lignin peroxidase, manganese peroxidase, versatile peroxidase and Cu-

containing laccase [64][65]. These enzymes degrade lignin, leaving the cellulose and hemicellulose 

intact, working as selective degraders [66]. 
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 The biochemical deconstruction of lignin structures is difficult to develop. This method has some 

disadvantages, since it works with a living organism, being a lengthy process, affecting its efficiency 

[4][53]. Chemical depolymerization methods are preferable over enzymatic depolymerization of lignin, 

unless the desired product can be obtained with less costs [60]. 

 Pyrolysis consists in a complex treatment of lignin/biomass using high temperature (300-600 

ºC), in the absence of oxygen, with optional use of a catalyst [53]. This decomposition mechanism is 

one of the most promising techniques to depolymerize lignin into fuel and renewable chemicals, 

involving a complex set of radical reactions, rearrangements and eliminations [67].  

 Electrochemistry 

2.4.2.1. Overview of the Electrochemical Process 

 Electrochemistry is a science field that studies the exchange between electrical and chemical 

energy, consisting in oxidation and reduction reactions. An electrochemical system consists of two 

electrodes, an anode (where the oxidation reaction occurs) and a cathode (where the reduction reaction 

occurs), submerged in an electrolyte that is a solution that conduct electric current by changing ions 

between the electrodes, as described in figure 2.7. A redox reaction consists in an exchange of electrons 

Figure 2.6 - Suggested structure of softwood lignin, adapted from [9] 
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from a substance that is being oxidized to other that is being reduced. The reductant specie loses 

electrons and is oxidized, and the oxidant gains electrons and is reduced during the process [68].  

 The electrical system is controlled by the applied current and/or the potential, affecting the 

electrodes reactions, i.e, the reaction rate and direction can be influenced. Exchanges in the 

temperature and pressure can modify the process conditions [69].  

 Electrochemical synthesis has some advantages over chemical synthesis, since it avoids the 

use of oxidants, resulting in increased purity levels [70]. Transformations are performed more efficiently 

and easily, what motivates industry to use this method. Furthermore, electrochemical processes can 

decrease pollution, since the waste treatment does not need to treat the redox reactants, as in this 

process there is only electron transfer involved in synthesis reaction. This approach is thus 

environmentally friendly, decreases energy consumption, rendering the process more economically 

feasible and affordable. These features make it an excellent alternative to depolymerize lignin [69]. 

 Depolymerization occurs as a certain electric potential is applied to an electroactive solution 

containing lignin, resulting in carbon-carbon cleavage and leading to the formation of aromatic 

compounds. However, a limited accessibility of lignin macromolecules to the electrode and the anode 

side reaction of oxygen evolution in aqueous electrolyte reduce the process efficiency [71]. The reaction 

can be performed under either controlled current or controlled potential, taking place at relatively low 

temperature and pressure [72].  

 During the electrochemical process, lignin molecules are oxidized at the anode, while they are 

reduced at the cathode, converting the lignin structure into low molecular substances. 

  

Figure 2.7 - Principle of electrochemical reactions (galvanic cell) 
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 Material and Methods 

 In this section all materials and methods that have been used in this thesis are presented. 

Chemicals and solutions used in the experiments are listed and the equipment is introduced, followed 

by the experimental methods.  

3.1. Chemicals 

 All of the chemicals used throughout the work were supplied from AppliChem, Roth, Formedium, 

Merck and Fluka/Sigma-Aldrich. The kraft lignin used in this thesis was from Sigma-Aldrich. 

3.2. Yeast strain, enzyme and culture media 

 The strain Pichia pastoris SMD1168H was used in the protein expression, from the P. pastoris 

glycerol stock (500 µL 50% glycerol and 500 µL M3 culture). The enzyme used was laccase lcc2 variant 

M3 from Trametes versicolor. Media components including yeast extract, yeast nitrogen base (YNB), 

peptone and glucose were purchased from AppliChem and Sigma-Aldrich. 

 In this work, two different expression media were studied, Hartwell’s complete medium 

(HCglucose) and Pichia Trace Metals solution (PTM1) with basal salt medium (4.35 mL PTM1 per 1 L basal 

salt medium), described in table 3.1, 3.2 and 3.3. 

Table 3.1 - HC expression medium composition, per liter 

Components Volume [mL] 

10x YNB 100.00 

10x HC dropout solution 100.00 

10 w/v % Glucose 100.00 

1M KH2PO4-KOH 100.00 

ddH2O 598.00 

0.25 M CuSO4 2.00 

Table 3.2 – 10x YNB, per litre 

Components Weight [g] 

Yeast nitrogen base without amino acids 57.10 

Ammonium sulfate 7.40 
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Table 3.3 - PTM1 composition 

PTM1 Trace Salts 4.35 mL/L media  Basal Salt Medium  

CuSO4 6.00 g  Glycerol  50.00 mL 

NaI 0.08 g  CaSO4.2H2O 1.18 g 

MnSO4 ̇.H2O 3.00 g  K2SO4 18.20 g 

Na2MoO4.2H2O 0.20 g  MgSO4 5.70 g 

CoCl2 0.50 g  (NH4)2SO4 9.00 g 

4ZnCl2 20.00 g  ddH2O Fill up to 1 L 

FeSO4 65.00 g    

H3BO4 0.02 g    

Biotin 0.20 g    

H2SO4 19.20 mL    

ddH2O Fill up to 1 L    

 

3.3. Antibiotics 

 Ampicillin (Amp), Zeocin (Z) and Kanamycin (Kan) were used to study the optimal conditions for 

laccase activity to proceed with the expression. 

Table 3.4 - List of used antibiotics 

3.4. Solvents 

 Sodium Xylene Sulfonate (SXS) 

 A 40 w/v % SXS solution was prepared (400 g salt for 1 L of water), in a fume hood, since this 

salt consists in a fine powder, under agitation for 20-30 min at room temperature. The final pH of the 

solution was 5.0. 

 Deep Eutectic Solvent (DES) 

  The DES used throughout this experimental work was Choline Chloride Ethylene Glycol (1:2 

M). It was prepared adding ChCl (pH 5) to EtGly (pH 6-8), under agitation at 40-70ºC, to assure a rapid 

mixing, without extra water in the solution. The pH of EtGly is not stable, and it becomes more acid 

during the time, which affects the pH. 

Antibiotic Abbreviation Stock Solution [mg/ml] Working concentration [µg/ml] 

Ampicillin Amp 100.00 50.00 

Zeocin Z 100.00 12.50 

Kanamycin Kan 100.00 50.00 
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3.5. Methods 

 Expression of lcc2 

 The lcc2 cDNA gene isolated from T. versicolor was cloned and expressed in P. pastoris. P. 

pastoris cells were streaked on yeast extract-peptone-dextrose (YPD) agar plate, and incubated at 30ºC 

for two days. Then, a P. pastoris/lcc2 colony was transferred from the agar plate into a 250 mL 

Erlenmeyer flask containing 25 mL of YPD medium (10 g/L yeast extract, 20 g/L peptone and 20 g/L 

glucose). Incubation was performed under 250 rpm shaking at 30ºC until OD600 (optical density at 600 

nm) reached 2-6 (log-phase growth). Cell growth in this preculture was monitored daily through OD600 

readings. Samples were diluted in ddH2O (1:10) [28]. Then, a second preculture was performed, by 

transferring 25 mL of the first preculture into a 1000 mL Erlenmeyer flask containing 200 mL YPD, 

incubated overnight at 30ºC, 250 rpm. The expression was performed for 5 days, in 1000 mL of the 

expression medium, in a 2000 mL Erlenmeyer flask. The Erlenmeyer was incubated at 20ºC under 250 

rpm shaking, with the start OD600 of the culture of 0.4. The expression was performed in several 

conditions, using two different media (HCglucose and PTM1) supplemented with different antibiotics 

(adding 1 mL to 1 L expression medium). 

 The supernatant was recovered by centrifugation at 4ºC, 1519 RCF, 10 minutes and stored at 

4ºC. The enzyme was concentrated by using Amicon Ultra-15 Centrifugal Filter Devices (30 kDa), 

centrifuging at 4000 rpm, for 10 minutes at 4ºC. Then, 300 µL of culture were pipetted to an Eppendorf 

tube, always in a sterile environment, and then centrifuged at 3100 RCF for 10 min. The supernatant 

was transfered to another Eppendorf tube and the cell pellet is discarded. The supernatant obtained 

was used for the activity determination. 
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 Laccase Activity Screening Assays 

3.5.2.1. ABTS Mechanism 

 The laccase activity was studied by the oxidation of 2,2’-azino-bis-(3-ethylbenzothiazoline-6-

sulphonic acid) (ABTS). The non-phenolic dye is oxidized by the enzyme and forms a stable radical 

(ABTS•+) accountable for the green color. The concentration of this green cation radical can be 

correlated to the enzyme activity (Figure 3.1), through the Lambert Beer law [73]. 

 The oxidation was carried out at different pH values in the presence of different solvents in 

microtiter plates for 4 hours at room temperature and monitored at 420 nm using Tecan SunriseTM 

microtiter plate reader. All of the assays were performed in duplicate.  

 The enzymatic activity is calculated from the slope of the plot absorbance versus time, from the 

linear part of the curve. 

 To determine the optimal pH value to obtain the higher enzymatic activity possible, the Britton-

Robinson (BR) buffer (pH 3-7) (0.04 M H3BO3, 0.04 M H3PO4 and 0.04 M CH3COOH) was used. The 

media composition for screening is described in table 3.5. 
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Figure 3.1 – The two oxidation steps of ABTS, developing a stable green radical (ABTS•+) with an 

absorption maximum at 420 nm, adapted from [78] 
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Table 3.5 – ABTS reaction system to the pH study 

Composition Volume [µL] 

BR buffer (pH 3-7) 30 

Supernatant 30 

ABTS (5 mM) 60 

ddH2O 80 

 To study the laccase activity in the presence of different concentrations of the solvents, SXS 

and DES, the pH was set to 5.0 for the next ABTS assays. For the assay buffer 48.50 mL 0.1 M citric 

acid and 51.50 mL 0.2 M Na2HPO4 were mixed. Tables 3.6 to 3.8 show the reaction systems used with 

the two solvents in different concentrations. 

Table 3.6 - ABTS reaction system in the presence of different SXS concentrations (10-30 %), using 40 w/t % SXS 

Composition 10 % [µL] 20 % [µL]  30 % [µL] 

SXS (40 w/v%) 50 100 150 

Buffer (pH 5)  50 50 14 

Supernatant 30 30 30 

ABTS (50 mM) 6 6 6 

ddH2O 64 14 0 

 

Table 3.7 - ABTS reaction system in the presence of different DES concentrations (5-45 %), using 80 v/v % DES 

Composition 5 % [µL] 
10 % 

[µL]  

15 % 

[µL] 

20 % 

[µL] 

25 % 

[µL] 

30 % 

[µL] 

35 % 

[µL] 

40 % 

[µL] 

45 % 

[µL] 

DES (80 v/v %) 13 25 38 50 63 75 88 100 113 

Buffer (pH 5)  30 30 30 30 30 30 30 30 30 

Supernatant 30 30 30 30 30 30 30 30 30 

ABTS (50 mM) 6 6 6 6 6 6 6 6 6 

ddH2O 121 109 96 84 71 59 46 34 21 
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Table 3.8 - ABTS reaction system in the presence of different DES concentrations (50-80 %), using pure DES 

Composition 50% [µL] 55% [µL]  60% [µL] 65% [µL] 70% [µL] 75% [µL] 80% [µL] 

DES (100%) 100 110 120 130 140 150 160 

Buffer (pH 5)  30 30 30 30 24 14 4 

Supernatant 30 30 30 30 30 30 30 

ABTS (50 mM) 6 6 6 6 6 6 6 

ddH2O 34 24 14 4 0 0 0 

 

 Cyclic Voltammetry (CV) 

 Cyclic voltammetry is a fast technique usually used for obtaining qualitative information about 

the electrochemical behavior of electrolytes (solvents) which allows to establish the location of redox 

potentials of the electroactive solution. The current is measured continuously during the sweep against 

the applied potential (current vs potential). Using NOVA 2.0 software is possible to control the 

potentiostat/galvanostat (Metrohm Autolab), as this software provides a CV Staircase command which 

can be used to perform cyclic voltammetry measurements. This allows to choose the upper and lower 

potential (mV), scan rate (mV/s) and the number of stop crossings that defines the number that the scan 

should cross the “stop potential”, in order to stop the measurement. In the set-up used, a stirred reactor 

of 100 mL was connected to the potentiostat by graphite electrodes, one anode and one cathode, where 

the electrochemical cleavage of lignin was carried out, using Hg/HgSO4 reference electrode, since this 

electrode and the solutions prepared have similar ions. The graphite electrodes were chosen because 

graphite is electrochemically stable in acid environment. The experiment setup can be observed in the 

Figure 3.2.  

Anode 

Cathod

e 

Reference 

Electrode 

Figure 3.2 – Cyclic Voltammetry Setup 
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 Cyclic Voltammetry was performed to the different solvents used in this thesis: buffer (48.50 mL 

0.1 M Citric Acid - 51.50 mL 0.2 M Na2HPO4), 10 w/v % SXS and 80 v/v % DES, all of them at pH 5. 

Using NOVA 2.0 software, the CV stair case (voltage range) defined was -1.5 V and 1.5 V, to the lower 

and upper vertex potential, respectively. The number of stop crossing that was chosen was 8, meaning 

that the CV is going to make 4 cycles, but the first one is ignored. Three different scan rates were 

operated by this technique, 0.050, 0.025 and 0.010 V/s. 

 This experiment was designed in order to understand the electrochemical behavior of the 

different components of the system, when combined. Five different cyclic voltammograms were 

performed: 

 Solvent CV 

 Solvent + ABTS CV 

 Solvent + Lignin CV  

 Solvent + ABTS + Enzyme CV 

 Solvent + ABTS + Enzyme + Lignin CV  

 NOTES: - CV containing lignin are not accomplished by the buffer, since lignin is not soluble in it. 

 - In the experiments without the enzyme, but that contain ABTS, empty vector solutions are used. 

 In the Figure 3.3 is described a general cyclic voltammogram. 

 When only one solvent was used, the reactor was filled with 80 mL of the solvent in study. The 

lignin solution was prepared solubilizing the Kraft lignin in 40 w/v % SXS or pure DES (5 g lignin/L). In 

the following section the CV components for each solvent are described. 

Figure 3.3 – Representation of a general cyclic voltammogram, 
adapted from [79] 

0 

Oxidation 

Reduction 
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3.5.3.1. Buffer CV procedure 

 The components and respective volumes of the buffer CV experiment are described in the Table 

3.9. To study the solution activity just in the presence of the substrate, an empty vector solution were 

used instead of the enzyme (supernatant). 

Table 3.9 – Buffer CV in the presence of ABTS and in the presence of ABTS and laccase 

Component Volume [mL] 
 

Component Volume [mL] 

Buffer (pH 5) 12 
 

Buffer (pH 5) 12 

Empty Vector 12 
 

Supernatant 12 

ABTS (50 mM) 24 
 

ABTS (50 mM) 24 

ddH2O 32 
 

ddH2O 32 

 

3.5.3.2. 10 w/v % SXS CV procedure 

 The components and respective volumes of the 10 w/v % SXS CV experiment are described 

in the Table 3.10. 

Table 3.10 – 10 w/v % SXS CV in the presence of ABTS and in the presence of ABTS and laccase 

Component Volume [mL] 
 

Component Volume [mL] 

40 w/v % SXS 20 
 

40 w/v % SXS 20 

Buffer (pH 5) 20 
 

Buffer (pH 5) 20 

Empty Vector 12 
 

Supernatant 12 

ABTS (50 mM) 2.4 
 

ABTS (50 mM) 2.4 

ddH2O 25.6 
 

ddH2O 25.6 

 The lignin solution prepared to use in the study of the electrochemical behavior of the 10 w/v % 

SXS in the presence of the ABTS and the enzyme was 20 g/L in 40 w/v % SXS, in order to have a 5 g/L 

lignin solution in the reactor. 
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3.5.3.3. 80 v/v % DES CV procedure 

 The components and respective volumes of the 80 v/v % DES CV experiment are described in 

the Table 3.11. 

Table 3.11 – 80 v/v % DES CV in the presence of ABTS and in the presence of ABTS and laccase 

Component Volume [mL] 
 

Component Volume [mL] 

DES (100 %) 64 
 

DES (100 %) 64 

Buffer (pH 5) 1.6 
 

Buffer (pH 5) 1.6 

Empty Vector 12 
 

Supernatant 12 

ABTS (50 mM) 2.4 
 

ABTS (50 mM) 2.4 

ddH2O 0 
 

ddH2O 0 

 The lignin solution prepared to use in the study of the electrochemical behavior of the 80 v/v % 

DES in the presence of the ABTS and the enzyme was 6.5 g/L in pure DES, in order to have a 5 g/L 

lignin solution in the reactor. 

 Chronoamperometry Analysis (CA) 

 Another electrochemical technique is the chronoamperometric approach. This method is 

operated at a defined and constant potential value, which is chosen based on the cyclic voltammetry 

results, considered as reference value, and the resultant current is monitored as a function of time 

(current vs time) [74]. 

 By using the chroamperometry analysis it is possible to study the behavior of the system 

components over time. The NOVA 2.0 software is also used in CA and the experiment setup was the 

same as the one described in subchapter 3.5.3. (Figure 3.2). There were applied distinct set potentials, 

0.05 and 0.25 V, for 8 hours, to understand better the laccase activity using the electrochemical 

approach to depolymerize lignin, in order to compare the enzymatic activity with and in the absence of 

potential. This analysis also has the intended to study the influence of electrochemistry in the system by 

itself, i.e., preparing solutions (at pH 5) with and without the enzyme: 

 Buffer + Substrate CA 

 Buffer + Substrate + Enzyme CA 

 10 w/v % SXS + Substrate CA 

 10 w/v % SXS + Substrate + Enzyme CA 

 80 v/v % DES + Substrate CA 

 80 v/v % DES + Substrate + Enzyme CA 

 During the experiment, at each hour a sample (200 µL) was collected from the reaction system 

and its absorbance was measured using a Tecan SunriseTM microtiter plate reader (ABTS assay). This 

technique does not allow to analyze the system in the presence of lignin, since it is impossible to 

measure its absorbance at 420 nm. 
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 Lignin Depolymerization 

 With the aim of depolymerizing lignin, the experimental setup described in the subchapter 3.5.3. 

was used, applying the same set potentials that were used in the chronoamperometry analysis (0.0, 

0.05 and 0.25 V). The experiment was running for 32 hours and six samples of 2 mL were collected, at 

0, 1, 2, 8, 24 and 32 h, to a 50 mL falcon tube. All of the depolymerization reaction systems analyzed 

contain the solvents, ABTS, lignin and the enzyme, described in Tables 3.12 to 3.14. 

Table 3.12 – Reaction system to depolymerize lignin, with buffer 

Component Volume [mL] 

Buffer (5 g lignin/L) 12 

Supernatant 12 

ABTS (50 mM) 24 

ddH2O 32 

 

Table 3.13 - Reaction system to depolymerize lignin, with 10 w/v % SXS 

Component Volume [mL] 

40 w/v % SXS (20 g lignin/L) 20 

Buffer (pH 5) 20 

Supernatant 12 

ABTS (50 mM) 2.4 

ddH2O 25.6 

 

Table 3.14 - Reaction system to depolymerize lignin, with 80 v/v % DES 

Component Volume [mL] 

Pure DES (6.5 g lignin/L) 64 

Buffer (pH 5) 1.6 

Supernatant 12 

ABTS (50 mM) 2.4 

ddH2O 0 
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3.5.5.1. Lignin Precipitation 

 After collecting every sample, with 2 mL of lignin solution (5 g/L), 6 mL of H2SO4 (0.01 M) were 

added to the falcon tubes containing 5 g lignin/L buffer and 80 v/v % DES solutions (dilution 1:4). For 

the tubes belonging to 5 g lignin/L 10 w/v % SXS, 18 mL of H2SO4 (0.01 M) were addedd (dilution 1:10). 

All of the falcon tubes were subsequently centrifuged at 12400 RFC per 10 minutes, at room 

temperature. In the next step the supernatant and the pellet (solid lignin) were completely separated 

and the liquid phase was transferred into 50 mL falcon tubes. The solid phase was washed again with 

5 mL of H2SO4 (0.01 M), and resuspended using a vortex. The solution was centrifuged again at 8000 

rpm, at room temperature for 10 min. The liquid was separated again from the solid phase and the 

washed H2SO4 were added to the supernatant falcon tube. The supernatant (approximately 11 mL for 

buffer and 80 v/v % DES solutions and 23 mL for the 10 w/v % SXS solution) was stored at 4ºC and the 

solid lignin was frozen at -20ºC, overnight.  

 The solid phase was freeze dried (Alpha 1-4 LSC plus, CHRIST) for two days, and resuspended 

in 1 M NaOH (2 mL), using the Vortex. 1 mL of the suspension was transferred into HPLC vials, to be 

then analyzed by GPC. 

 Lignin and Products Liquid-Liquid Extraction 

 The liquid phase stored from the lignin precipitation was used in two different ways: 

 4 mL of the supernatant were mixed with 4 mL of MIBK (4-methyl-2-pentanone) in a 15 

mL falcon tube, followed by a liquid-liquid extraction (two phase system). The tubes were stirred for 

5 hours, and then the solution was suspended by Vortex (1-2 min). The separation was carried out 

using the centrifuge ate 2000 rpm for 3 min, at room temperature. The resultant lower density liquid, 

containing the MIBK, was separated and transferred into a HPLC vial (1 mL), to be analyzed by GC. 

This extraction is for lignin products. 

  4 mL of the supernatant were mixed with 4 mL of ethyl acetate in a 15 mL falcon tube. 

The tubes were stirred the tubes for 5 hours, and suspended the solution by Vortex after that. The 

liquid-liquid extraction was carried out using the centrifuge at 2000 rpm for 3 min, at room 

temperature. 3 mL of the lower density liquid (ethyl acetate) were placed in new 15 mL falcon tubes 

and dried overnight under the fume hood. When observed that all the liquid is dried, 0.5 mL of NaOH 

were added, solubilizing the solid in the bottom of the tube by Vortex (2-3 min). 0.5 mL of the NaOH 

is transferred to a HPLC vial for analysis by GPC. This extraction is for soluble lignin. 

 Gel Permeation Chromatography (GPC) 

 GPC is a type of chromatography also known as size exclusion chromatography (SEC), since it 

separates the molecules according to their size. Large molecules elute first (HMW), followed by the low 

molecular weight components (LMW), which are retained for more time in the chromatography column 

[75]. 



27 

 

 The GPC, is used after lignin depolymerization to determine the molecular weight of the 

chemical mixtures produced during the process.  

 The samples were prepared as described in the subchapters 3.5.5. and 3.5.6. The average 

molecular weight (Mw) of each sample was evaluated by this method. Measurements were performed 

using an Agilent 1200 system equipped with a refractive index detector at a wavelength of 280 nm. The 

eluent solution was done with water (HPLC grade, Carl Roth), adding 0.1 mol/L of sodium hydroxide 

(NaOH, 99 %) and 0.01 wt % sodium azide (NaN3, extra pure). The internal standard was a glucose 

monohydratate solution (12.5 mg/mL). 

 The analytical GPC procedure employs a variety of detectors to scan the samples. A variable 

wavelength detector and a refractive index detector are responsible to receive the signals of interest, to 

be further analyzed by the WinGPC Unichrom software (by PSS). 

 Gas Chromatography Mass Spectrometry (GC-MS) 

 Gas chromatography allowed the detection and quantification of the monomers and oligomers 

produced during the lignin electrochemical depolymerization and consequent extraction.  

 The samples were prepared as described in the subchapter 3.5.6. For this analytical method an 

Agilent 5975 Inert Mass Selective Detector equipped with a J&W 122-0132 DB-1MS capillary column, 

measuring 30 m x 0.25 mm, with a film thickness of 0.25 µm was used. The carrier gas used was helium 

with an initial flow of 0.8 mL/min. 

 The product yield can be determined by the GC-MS measurement, dividing the phenol total 

amount by original amount of lignin. The phenol total amount was given by the GC-MS data and the 

original amount of lignin can be calculated. 
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 Results and Discussion  

 This section is divided in two main chapters, since there are two distinct topics in this thesis. 

The first one relates to the results obtained in the Institute of Biotechnology, about the optimization of 

the enzyme expression and activity in the solvents SXS and DES; in the second chapter all the results 

from the Department of Chemical Engineering (AVT.CVT) comprising the electrochemical study of these 

work are presented. 

4.1. Institute of Biotechnology  

 Laccase optimal conditions 

 To find the optimal conditions for the expression of lcc2 variant M3 in P. pastoris and to obtain 

the higher enzymatic activity possible, two different mediums, three antibiotics and five pH values were 

tested. 

 The first step was to evaluate two media, Hartwell’s complete medium (HC) and Pichia Trace 

Metals solution (PTM1), and then combine them with different antibiotics, ampicillin (Amp), zeocin (Z) 

and kanamycin (Kan), in order to achieve the best enzymatic activity. 

 Data from Figure 4.1 (a) shows that laccase presents the highest activity in the presence of the 

trace salt PTM1 combined with kanamycin. This medium was used to identify the optimal pH for the 

enzyme. The resulting graph (Figure 4.1 b) indicates that the highest enzymatic activity was obtained 

using medium 8 (M8) at pH 5. 
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Figure 4.1 - Study of laccase optimal conditions. (a) Medium and antibiotic combined: M1 – HC; M2 – 

HC+Amp; M3 – HC+Z; M4 – HC+Kan; M5 – PTM1; M6 – PTM1+Amp; M7 – PTM1+Z; M8 – PTM1+Kan. 

(b) Study of the optimal pH for M8 
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 Laccase activity in the presence of solvents 

 Laccases are selective enzymes, which have the ability to degrade lignin, but since it is a 

polymer with a huge and complex structure, it is not possible for the laccase to oxidize it directly. To 

overcome this problem, a mediator is required to depolymerize the compound. 

 There are several studies about laccase behavior in the presence of ILs to degrade lignin [6]. 

As said before, ILs are expensive and there are some alternative solvents more affordable which present 

similar properties, including the non-polluting feature and capable of dissolving woody biomass. 

 A hydrotrophic solution and a deep eutectic solvent were chosen, sodium xylene sulfonate 

(SXS) and ChCl:EtGly (1:2 M), respectively, and ABTS assays were performed to check the enzymatic 

activity of the laccase in the presence of these solvents during four hours. 

 One of the main reasons to use the SXS solution is due to the fact that this solvent does not 

change the lignin solubility when changing its pH, allowing to reach suitable pH values for enzymatic 

activity. 

 As can be seen Figure 4.2, different concentrations of the hydrotrophic solution (0 to 30 w/v %) 

were evaluated in order to determine the best condition for laccase activity. In the presence of SXS 

solution, the enzyme presents its highest activity with the concentration of 10 w/v % SXS. This 

concentration was used in further experiments.  

 It is important to notice that the buffer is used in order to determine the basic catalytic activity of 

the sample in the ABTS assays, without it is not possible to estimate the influence of the solvent.  
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Figure 4.2 - Laccase activity in the presence of SXS 
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 It is already known that DES is a good solvent for wood delignification and many studies are 

being carried out about its interaction with lignin, and if it is possible to depolymerize this wood 

compound. Since DES is a nonaqueous solvent, combining it with the laccase could be a problem, since 

this enzyme usually only acts in aqueous systems. 

 According to the Figure 4.3 the higher enzymatic activity is reached at 5 v/v % of DES, which 

was expected, since this enzyme typically does not work in nonaqueous systems. Nonetheles, 80 v/v % 

of DES was used in the further experiments, since this concentration of solvent enables lignin 

solubilization. The enzymatic activity is very low in the presence of 80 v/v % DES (0,00012 Abs420/min) 

of this solvent in comparison with lower concentrations, although some activity was retained. 

 It is important to notice that every lcc2 expression has different content of enzyme, changing 

the conversion of the enzyme/substrate, and the time is also an important factor, since with it there is a 

decrease of the enzymatic activity. 

 This first stage of the experimental work allowed to establish the concentration of each solvent, 

as 10 w/v % of SXS and 80 v/v % of DES, to be used in further experiments. 
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Figure 4.3 - Laccase activity in the presence of ChCl:EtGly (1:2 M) 
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4.2. Department of Chemical Engineering – Electrochemical Experiments 

 Cyclic Voltammetry Results 

 Electrochemistry is another approach that can be used to depolymerize lignin. In the presence 

of an electrolyte containing lignin, is possible to apply a certain potential, making it promising to 

depolymerize the compound. 

 To study the electrochemical behavior of the different components of the system, including the 

solvents, enzyme, ABTS and lignin, Cyclic Voltammetry was used, a method that cycles the potential 

between the working and the reference electrode, measuring the resulting current [76]. 

 In this experiment the voltage applied to all the solvents was between -1.5 V and 1.5 V, using a 

scan rate of 0.010 V/s, using graphite electrodes. Three different types of scan rate were used, in the 

case of the buffer, 0.010, 0.025 and 0.050 V/s 

4.2.1.1. Buffer Cyclic Voltammograms 

 In the first place it was studied the electrochemical activity of the buffer and then its activity in 

the presence of the other components of the system. In this section only the results of the lower scan 

rate (0.010 V/s) are presented, since the enzyme activity could be too slow to be possible to observe in 

the CV. The results obtained with the others scan rates are in the Appendices section (chapter 7). The 

voltage applied was between -1.5 V and 1.5 V, using graphite electrodes. 

 Observing the Figure 4.4 (a), in the buffer CV, it is only possible to check the oxygen evolution 

which can be seen as the peak in the right side of the cyclic voltammogram. No hydrogen evolution can 

be observed, since it is very low. Then, adding the laccase to the system it is just possible to see a little 

shift, the behavior is similar in both conditions. 

Buffer 

Buffer+E 

Buffer+S+E 

Buffer+S 

  (a)   (b) 

-1,6 -0,8 0,0 0,8 1,6

0,000

0,006

0,012

0,018

0,024

C
u

rr
e

n
t 
(A

)

Potential applied (V)

-1,6 -0,8 0,0 0,8 1,6

0,000

0,006

0,012

0,018

0,024

C
u

rr
e

n
t 
(A

)

Potential applied (V)

Figure 4.4 - Cyclic voltammograms of (a) the buffer and buffer mixed with the enzyme (E). (b) Buffer 

combined with the substrate (S) and buffer with the substrate and laccase 
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 But then, in Figure 4.4 (b), mixing the substrate with the buffer, two anodic peaks are present 

with potential at 0.3 and 0.8 V, corresponding to the oxidation of the ABTS to its cation radical (ABTS•+), 

and then to its dication (ABTS2+). It is also possible to observe a single cathodic peak, at -0.2 V, resulting 

from the reduction of the ABTS cation radical [25]. In the same voltammogram, when adding the laccase, 

the behavior is quite the same as in the graph that just contain the buffer combined with the substrate.  

 Analyzing the results, when looking at the cyclic voltammograms with the substrate (b), it can 

be concluded that electropotential by itself is converting the substrate, since the results are similar with 

and without the enzyme. These results can mean that in both experiments the reactions can be just the 

result of ABTS conversion by electrochemistry, without enzyme influence. 

 In this case lignin was not studied in the presence of the buffer, since it is known that lignin is 

not soluble in aqueous solutions. 

4.2.1.2. 40 w/v % SXS Cyclic Voltammograms 

 After studying the electrochemical behavior of the buffer, the 10 w/v % SXS and 80 v/v % DES 

activity was investigated, which was the main focus of this procedure, to check if it was possible to see 

any interaction between the solvents, enzyme and lignin. 

 Testing only 40 w/v % SXS solution with cyclic voltammetry, the resulting cyclic voltammogram 

does not present activity (Figure 4.5). Looking at the oxidative side of the graph it is just possible to 

identify the oxygen evolution curve, and no hydrogen curve evolution is visible in the reductive side. 

Then, adding the lignin to the solvent, an anodic peak appears at 0.4 V, which could mean that lignin 

was oxidized by the anodic graphite electrode in the SXS solution. 
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Figure 4.5 - Cyclic voltammograms of 40 % SXS and 10 % SXS mixed with lignin (blue line) 
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 As can be seen in Figure 4.6, in comparison with the 40 w/v % SXS voltammogram, there are 

three distinct peaks when combined with the substrate, two anodic peaks at 0.1 V and 0.7 V, and one 

cathodic peak at 0.0 V, presenting the same behavior than in Figure 4.4 (b), buffer mixed with the ABTS 

CV. 

 By mixing the solvent with the substrate and lignin (Figure 4.7 (a)), the only anodic peak obtained 

just in the presence of 40 w/v % SXS combined with lignin has disappeared, so that two anodic peaks 

and one cathodic are present, which characterize the substrate activity under electrochemical 

processes. By adding the enzyme to all of the other components, the resultant CV remains similar to 

the previous, presenting the same behavior. 
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Figure 4.7 - Cyclic voltammograms of (a) 40% SXS and 10% SXS mixed with the substrate and lignin. (b) 

40% SXS and 10% SXS combined with the substrate, lignin and laccase 
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Figure 4.6 - Cyclic voltammograms of 40 % SXS and 10 % SXS with the ABTS (blue line) 
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 Analyzing Figure 4.7, is possible to establish that in the presence of the substrate, the same 

type of CV is obtained, two oxidations and one reduction reaction.  

4.2.1.3. DES Cyclic Voltammograms 

 Finally, the electrochemical behavior of pure DES combined with the different components of 

the system was studied. 

 Attending at the Figure 4.8, the DES CV shows a prominent cathodic peak, at 0.1 V, that could 

be originated by the reaction between the solvent with the graphite of the electrodes. It is also possible 

to observe an oxidation peak in the oxidative side of the CV that may correspond to the degradation of 

the solvent. Since it pure DES was used, it was not possible to observe the oxygen evolution, but other 

gases could have been developed during the reaction. Preparing a solution with the DES and lignin to 

study its electrochemical activity, in comparison with the CV that just contains the solvent, the cathodic 

peak became smaller, and the oxygen evolution presented a slight shift.  
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Figure 4.8 - Cyclic voltammograms of DES and 80 % DES with lignin (blue line) 
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  Analyzing Figure 4.9, in the presence of ABTS, it’s still possible to observe the same type of 

peaks that were obtained in every CV with the substrate. Adding the lignin to DES with the substrate, 

the usual cathodic peak disappears, having no visible reduction of the ABTS to its first radical cation. 

 Chronoamperometry Experiments 

 After the study of the electrochemical behavior of the different systems by cyclic voltammetry, 

and in order to analyze and understand what is happening to the components of the media during 

incubation and to check the enzymatic activity, the chronoamperometric approach was used. Two 

different set potentials were used, 0.05 and 0.25 V, to study the influence of the electropotential in the 

system, and then comparing the results without potential. In the ABTS experiments shown in the 

Biotechnology Department section, experiment runs were performed for 4 hours, but the 

chronoamperometry experiment ran for 8 hours. Every hour a sample was taken to perform an ABTS 

assay, with and without the laccase to check the influence of electrochemistry by itself.  

 Using this approach it was not possible to study the system with lignin, because of missing 

analytical methods. It is impossible to measure its absorbance at 420 nm, unlike what is achieved in 

ABTS assays. 
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Figure 4.9 - Cyclic voltammograms of (a) 80 % DES mixed with the substrate and 80 % DES combined 

with lignin and ABTS. (b) 80 % DES mixed with the ABTS and 80 % DES combined with the substrate, 

lignin and enzyme 
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 Figure 4.10 is divided in three distinct sections, one for each solvent. The first section belongs 

to the buffer mixed with the substrate with and without laccase, in the three pretended conditions. 

Without electrochemistry, there is no enzymatic activity when the enzyme is not present in the solution. 

However, upon enzyme addition activity noticeably increases. Then, with the lower potential it is possible 

to notice activity in the presence of laccase or without it, having a slight increase in the activity when the 

enzyme is mixed in the solution. With the 0.25 V potential the results of the enzymatic activity are even 

higher. 

 In the second section, belonging to the hydrotropic solution, in the absence of electrochemistry, 

the solution just containing 10 w/v % SXS and the substrate does not present any enzymatic activity, as 

it was expected, and then, adding the laccase an increment in the activity was observed. Adding 

electrochemistry to the system, it is possible to see enzymatic activity in all of the four experiments, 

having always higher values with the laccase mixed with the solvent and substrate.  

 The third and last section, with the DES, presents almost no enzymatic activity when not 

submitted to electrochemistry, in both of the solutions, the same result that was obtained in the results 

of the Biotechnology Department (Figure 4.3). As can be seen, with the 0.05 V potential, there is an 

increase of the enzymatic activity value in both cases, being higher in the presence of laccase. Then, 

with the higher potential it can be observed that the activity gets greater results, especially in the 

presence of the enzyme. 

 After this experiment, it can be concluded that the activity is always improved with the use of 

electrochemistry, and combining the enzyme with this approach the results are even more promising. 

Looking at the results where there is no enzyme present, but where electropotential was applied is 

possible to check activity in all of the results, which could mean that electrochemistry is converting ABTS 

by itself, which was already concluded by the cyclic voltammetry results.  
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Figure 4.10 - Chronoamperometric results with two different potentials, 0.05 and 0.25 V, and without 

electrochemistry, to the buffer, 10 % SXS and 80 % DES, with and without the enzyme, during 4 hours 
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 Comparing all of the results, the higher activities are achieved with the 0.25 V potential and in 

the presence of laccase, to buffer and 10 w/v % SXS. 

4.3. Department of Chemical Engineering – Lignin and Products Characterization 

 One of main objectives of this work is the depolymerization the lignin, because of its structure 

indicates that it can be a valuable source of phenols, so after its depolymerization one important step is 

to know which products were obtained.  

 Using the solvents and the enzyme which have been studied in this thesis, in the absence or 

applying electrochemistry, with the aim to depolymerize the lignin, some GPC and GC for phenols 

analysis were carried out. After using these analysis methods, the molecular weight of the products were 

obtained to each condition and the resulting products were characterized. 

 GPC Results 

 GPC has been used to obtain information on the molecular weight distributions of polymers of 

the different lignin fractions [77].  

 The Figures 4.11, 4.12 and 4.13 show GPC measurement graphs, i.e., chromatograms of lignin 

with the different solvents (buffer, 10 w/v % SXS and 80 v/v % DES) in the presence of laccase applying 

two potentials, 0.05 and 0.25 V, and without electrochemistry. The chromatograms shown plot the 

detector signal (RI-Signal) over molar mass, low molecular weight molecules appear first. Six samples 

were collected, but in each chromatogram the results corresponding to time zero, 8 and 32 hours are 

presented. 
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4.3.1.1. Buffer Chromatograms 

 Without applying potential to the buffer solution, Figure 4.11 (a), there are two distinct peaks: 

the first one corresponds to the small molecules (with molar masses between 10 to 102 Da) obtained 

during the process; the second peak is related with larger analytes. The three samples, taken at different 

times, are quite similar (Figure 4.11 (a)). It can be concluded that lignin is not being depolymerized, 

since its molecular mass is constant during the 32 hours. 

 Using the low potential, Figure 4.11 (b), the chromatograms also present two peaks, the first 

smaller than the other. This means that large molecules are in larger amount than the smaller ones. 

From time zero to 8 hours, and considering the RI-signal, it is possible to notice a depolymerization of 
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Figure 4.11 - GPC-Chromatograms of lignin in buffer solutions: (a) buffer solution without electrochemistry (0 V); 

(b) buffer solution applying a 0.05 V potential; (c) buffer solution applying a 0.25 V potential 
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the molecules (small peak), and that lignin macromolecules are being polymerized. After being collected 

the 8 hours sample, there is no big change in the molecules size. 

 With the higher potential, Figure 4.11 (c), all of the chromatograms are overlapped, which means 

that the lignin organic structure is not suffering alterations during the time, having no lignin 

depolymerization or polymerization occurring. 

4.3.1.2. 10 w/v % SXS Chromatograms 

 The 10 w/v % SXS solution without electrochemistry, Figure 4.12 (a), presents a little decrease 

in the first peak, after 8 hours since the beginning of the experiment, representing a depolymerization 

of the low molecular weight components. With HMW peak the opposite happens, it is possible to observe 
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Figure 4.12 - GPC-Chromatograms of lignin in 10 % SXS solutions: (a) 10 % SXS solution without electrochemistry 

(0 V); (b) 10 % SXS solution applying a 0.05 V potential; (c) 10 % SXS solution applying a 0.25 V potential 
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a polymerization of the bigger molecules. From 8 to 32 hours a slight increase of the graph is visible, 

meaning that the larger molecules are still being polymerized. 

 Applying a potential of 0.05 V to the solution (b), the resulting chromatogram presents a small 

LMW peak, that changes after 8 hours, with an increase of the RI-signal, which indicates a 

polymerization of the small lignin molecules. The HMW peak has a little decrease of the RI-signal, 

meaning that the macromolecules are being depolymerized. The graph of the third sample (32h) is 

overlapped with the chromatogram belonging to the first samples, which suggests that the lignin 

structure returned to its initial state, the small molecules were depolymerized and the others were 

polymerized.  

 Looking at the chromatogram corresponding to the 0.25 V potential, Figure 4.12 (c), it is possible 

to notice a decrease in the RI-signal of the first peak during the 32 hours, as lignin smaller molecules 

are being depolymerized. On the other hand, the larger particles are being polymerized, increasing the 

RI-signal over the time. 
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4.3.1.3. 80 v/v % DES Chromatograms 

 Figure 4.13 (a) corresponds to the 80 v/v % DES solution without applying potential, where is 

noticeable that this lignin solution contains more small molecules than large ones. After 8 hours since 

the beginning of the experience, a decrease in the RI-signal of the small particles is observable, which 

means that these molecules are being depolymerized. On the other hand, looking at the peak 

corresponding to the bigger lignin molecules it is possible to see an increase of the RI-signal, so it can 

be concluded that these molecules are being a polymerized. The 32 hours chromatogram is practically 

overlapped with the second sample results, so it can be said that after 8 hours the amount of molar 

mass of the lignin molecules remains unaltered.  

 As can be seen, in the chromatogram obtained from the experiment applying the lower potential, 

Figure 4.13 (b), a different behavior in comparison with the other results is noticeable, as three distinct 

peaks are present at a given time of the run. At time zero, there are only two peaks represented on the 
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Figure 4.13 - GPC-Chromatograms of lignin in 80 % DES solutions: (a) 80% DES solution without electrochemistry 

(0 V); (b) 80 % DES solution applying a 0.05 V potential; (c) 80 % DES solution applying a 0.25 V potential 
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figure, the larger molecules exist in a larger amount. In the second sample, after 8 hours, a new peak 

appears, belonging to even smaller molecules, and the other two peaks remain constant, having no 

change in their molar mass. The chromatogram corresponding to the sample collected after 32 hours, 

the first peak that was present in the last sample graph had disappeared, having the same behavior as 

the first sample chromatogram. The 32 hours chromatogram is overlapped with the chromatogram 

belonging to the sample taken at time zero. 

 Applying the higher potential in the lignin solution, Figure 4.13 (c), it is possible to notice a 

polymerization, given the LMW and HMW peaks, since after 8 hours from the start of the experiment, 

an increase in the RI-signal is noticeable. It can be seen that in the second sample the molar mass 

range of the second peak has decreased. The chromatogram corresponding to the 32 hours sample is 

overlapped with the one related with the second sample, and no alteration in the molecules structure 

takes place.  

 Average value of lignin molecular weight 

 In order to understand easily the behavior of the different lignin solutions with and without 

electrochemistry, after obtaining the chromatograms, some graphs were plotted the average value of 

lignin molecular weight over time. The average time is calculated by the molecular weight at the time 

that the sample was taken (Mw(t)) divided by the molecular weight at time zero (Mw(0)). These data were 

obtained from WinGPC Unichrom software by integrating the chromatograms. 

4.3.2.1. Without Electrochemistry 

 In a system containing lignin solutions without applying potential (Figure 4.14), the 80 v/v % 

DES is the solution that presents the higher average of lignin molecular weight. At time zero the value 

of the molecular weight is 1.0, after 2 hours it is possible to observe an increase in this value, which 

means that polymerization occurred. In the next hour (3rd point) a little decrease in lignin molecular 

weight can be seen, but it is not significant, since is the next hours a constant increase can be detected. 

Comparing with the resultant chromatogram of this experiment, after 8 hours a polymerization of lignin 

is occurring, having more or less the same behavior until 32 hours. 
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 Analyzing the buffer and the 10 w/v % SXS solutions, the average value of lignin molecular 

weight does not change considerably, the solutions are behaving in a stable way during the experiment 

time. When compared, this graph with the respective chromatograms, in the SXS solution lignin is being 

polymerized after 8 hours.  
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Figure 4.14 - Average of lignin molecular weight obtained without electrochemistry, using 

buffer, 10 % SXS and 80 % DES 
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4.3.2.2. Potential of 0.05 V 

 Figure 4.15 shows the average of lignin molecular weight when applying a 0.05 V potential to 

the system. Using 80 v/v % DES and 10 w/v % SXS solutions the value is constant during the 32 hours, 

approximately 1.0, which means that there was no lignin polymerization or depolymerization, as it was 

expected after the information obtained in the respective chromatograms. 

 The results obtained about the buffer solution correspond with the buffer chromatogram (Figure 

4.11 (b)), suggesting a clear depolymerization after 8 hours (4th point). Accordingly, it is possible to 

suggest that lignin is being converted into small molecules. 
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Figure 4.15 - Average of lignin molecular weight obtained applying a potential of 0.05 V, 

using buffer, 10 % SXS and 80 % DES 



45 

 

4.3.2.3. Potential of 0.25 V 

 In this case, when applying the higher potential (Figure 4.16), analyzing the buffer solutions 

comportment, it is possible to observe an increase in lignin molecular weight up to 24 hours (5th point), 

but from this time to the end of the experiment the value decrease until 1.0, that was the starting value, 

meaning that lignin suffers polymerization until 24 hours, and then lignin is depolymerized until 32 hours 

of reaction. 

 As it can be seen, the average value of lignin molecular weight does not change considerably, 

being almost constant, when using the 10 w/v % SXS and 80 v/v % DES solutions. 

 Products Characterization – GC-MS phenols 

 With the GC-MS method, concentrations and yields of the resultant phenols of lignin 

depolymerization were measured for all of the conditions, studied in the sections before. By doing this 

analysis is possible to get information about the products obtained during the electrochemical 

depolymerization/polymerization and subsequent extraction. The resulting product concentrations are 

described in the next tables (section 4.3.3.1, 4.3.3.2 and 4.3.3.3). 
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Figure 4.16 - Average of the molecular weight obtained applying a potential of 0.25 V, 

using buffer, 10% SXS and 80% DES 
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4.3.3.1. Products obtained without electrochemistry 

 As can be derived from Table 4.1, the main lignin products obtained during the experiment 

without applying potential in the presence of the buffer solution were Acetosyringone and BPA, and they 

are both degraded during the experiment. All of the other compounds produced were not in a significant 

concentration, although it can be seen that guaiacol concentration slightly incrases during the time of 

operation. 

Table 4.1 – Lignin products concentration obtained without electrochemistry using buffer solution 

 In the Table 4.2 is possible to observe that there is no substantial production of none of the 

target compounds using the 10 w/v % SXS solution without electrochemistry. The one that presents the 

higher concentration is BPA at time zero, but during the experiment, this value tends to decline. 

Table 4.2 – Lignin products concentration obtained without electrochemistry using the 10 w/v % SXS solution 

Target Compounds 0h [mg/l] 1h [mg/l] 2h [mg/l] 8h [mg/l] 24h [mg/l] 32h [mg/l] 

Alpha-Methylstyrene 0.01 0.01 0.01 0.01 0.01 0.01 

Guaiacol 0.05 0.04 0.03 0.05 0.06 0.07 

p-Cumenol 0.02 0.01 0.01 0.01 0.01 0.01 

Phenylacetic 0 0 0 0 0 0 

Syringol 0.08 0.08 0.08 0.09 0.09 0.09 

4-Hydroxybenzaldehyd 0 0 0 0 0 0 

Eugenol 0 0 0 0 0 0 

Vanillin 0 0 0 0 0 0 

4-Hydroxyacetophenon 0 0 0 0 0 0 

Acetovanilone 0 0 0 0 0 0 

di-Butylhydroxytoluol 0.01 0.01 0.01 0.01 0.01 0.01 

Syringaldehyd 0 0 0 0 0 0 

Acetosyringone 0.91 0.25 0.19 0.06 0.08 0.06 

BPA 0.7 0.4 0.38 0.33 0.37 0.31 

Total 1.77 0.79 0.7 0.55 0.62 0.55 

Target Compounds 0h [mg/l] 1h [mg/l] 2h [mg/l] 8h [mg/l] 24h [mg/l] 32h [mg/l] 

Alpha-Methylstyrene 0.01 0.01 0.01 0.01 0.01 0.01 

Guaiacol 0.04 0.03 0.03 0.03 0.05 0.09 

p-Cumenol 0.01 0.01 0.01 0 0.01 0.01 

Phenylacetic 0 0 0 0 0 0 

Syringol 0.08 0.08 0.08 0.08 0.08 0.09 

4-Hydroxybenzaldehyd 0 0 0 0 0 0 

Eugenol 0 0 0 0 0 0 

Vanillin 0 0 0 0 0 0 

4-Hydroxyacetophenon 0 0 0 0 0 0 

Acetovanilone 0 0 0 0 0 0 

di-Butylhydroxytoluol 0.01 0.01 0 0 0 0 

Syringaldehyd 0 0 0 0 0 0 

Acetosyringone 0.04 0.03 0.02 0.02 0 0 

BPA 0.15 0.18 0.13 0.11 0.05 0.06 

Total 0.33 0.34 0.27 0.24 0.19 0.25 
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 As can be seen in Table 4.3, using 80 v/v % DES without applying potential, the concentration 

of guaiacol increases with the time of operation, which is a positive result. In this experiment vanillin was 

also obtained. Some oscillations in its behavior with time are noticeable, but from 24 up to 32 hours, an 

increase in its concentration is visible. BPA is also present in the sample and the higher concentration 

value is obtain at time zero, decreasing its value till 8 hours, after that it starts to grow again. 

Table 4.3 – Lignin products concentration obtained without electrochemistry using the 80 v/v % DES solution 

 

 By dividing the total amount of phenols obtained per the original amount of lignin, it is possible 

to determine the phenol yield (%), during the 32 hours of experiment (figure 4.17 and 4.18). The original 

amount of lignin can be calculated by knowing that a 5 g/L lignin solution was used; the amount of 

supernatant collected from the reaction system to precipitate lignin was 2 mL; the first volume of 

supernatant obtained when doing the precipitation (6 mL for buffer and 80 v/v % DES solutions, and 18 

mL for 10 w/v % SXS solution); and the proportions of the MIBK extraction (4 mL MIBK : 4 mL 

supernatant). 

 Determination of the original amount of lignin to buffer and 80 v/v % DES: 

𝑆𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 = 2 + 6 = 8 𝑚𝐿  

2 𝑚𝐿 𝑙𝑖𝑔𝑛𝑖𝑛: 8 𝑚𝐿 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 = 𝑥 𝑚𝐿 𝑙𝑖𝑔𝑛𝑖𝑛: 4 𝑚𝐿 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 (𝑀𝐼𝐵𝐾) 

 𝑥 = 1 𝑚𝐿 𝑙𝑖𝑔𝑛𝑖𝑛 

Target Compounds 0h [mg/l] 1h [mg/l] 2h [mg/l] 8h [mg/l] 24h [mg/l] 32h [mg/l] 

Alpha-Methylstyrene 0.01 0.01 0.01 0.01 0.01 0.01 

Guaiacol 0.63 0.68 0.82 0.8 0.61 0.97 

p-Cumenol 0.01 0.01 0.01 0.01 0 0.01 

Phenylacetic 0 0 0 0 0 0 

Syringol 0.09 0.09 0.09 0.1 0.1 0.1 

4-Hydroxybenzaldehyd 0 0 0 0 0 0 

Eugenol 0.01 0.01 0.01 0.01 0.01 0.01 

Vanillin 0.25 0.23 0.29 0.24 0.12 0.39 

4-Hydroxyacetophenon 0 0 0 0 0 0 

Acetovanilone 0 0 0 0 0 0 

di-Butylhydroxytoluol 0.01 0.01 0.01 0.01 0.02 0.01 

Syringaldehyd 0 0 0 0 0 0 

Acetosyringone 0.73 0.49 0.18 0.14 0.31 0.07 

BPA 1.06 0.77 0.61 0.39 0.46 0.5 

Total 2.79 2.29 2.02 1.7 1.63 2.06 
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 Determination of the original amount of lignin to 10 w/v % SXS: 

𝑆𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 = 2 + 18 = 20 𝑚𝐿  

2 𝑚𝐿 𝑙𝑖𝑔𝑛𝑖𝑛: 20 𝑚𝐿 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 = 𝑥 𝑚𝐿 𝑙𝑖𝑔𝑛𝑖𝑛: 4 𝑚𝐿 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 (𝑀𝐼𝐵𝐾) 

 𝑥 = 0.4 𝑚𝐿 𝑙𝑖𝑔𝑛𝑖𝑛 

 Without applying potential to the reaction system the phenol yield is higher in the 80 v/v % DES 

solution (Figure 4.17), the yield tends to decrease over the time. The other two systems present almost 

the same phenol yield. 
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4.3.3.1. Products obtained applying a 0.05 V potential 

 As can be derived from Table 4.4, applying a 0.05 V potential using the buffer solution, there is 

almost no production of the lignin target compounds. 

Table 4.4 - Lignin products concentration obtained applying a 0.05 V potential using the buffer solution 

 Looking at Table 4.5 it can be observed that in these conditions, applying a 0.05 V potential in 

the presence of the 10 w/v % SXS solution, the lignin target compounds concentration is almost zero, 

like in the previous experiment (Table 4.4). 

Table 4.5 - Lignin products concentration obtained applying a 0.05 V potential using the 10 w/v % SXS solution 

 

Target Compounds 0h [mg/l] 1h [mg/l] 2h [mg/l] 8h [mg/l] 24h [mg/l] 32h [mg/l] 

Alpha-Methylstyrene 0.01 0.02 0.02 0.02 0.02 0.02 

Guaiacol 0.02 0.06 0.04 0.03 0.03 0.03 

p-Cumenol 0 0 0 0 0 0 

Phenylacetic 0 0 0 0 0 0 

Syringol 0.06 0.06 0.06 0.06 0.05 0.05 

4-Hydroxybenzaldehyd 0 0 0 0 0 0 

Eugenol 0 0 0 0 0 0 

Vanillin 0 0 0 0 0 0 

4-Hydroxyacetophenon 0 0 0 0 0 0 

Acetovanilone 0 0 0 0 0 0 

di-Butylhydroxytoluol 0.01 0.01 0.01 0.01 0.01 0.01 

Syringaldehyd 0 0 0 0 0 0 

Acetosyringone 0 0 0 0 0 0 

BPA 0 0 0 0 0 0 

Total 0.09 0.13 0.11 0.1 0.09 0.09 

Target Compounds 0h [mg/l] 1h [mg/l] 2h [mg/l] 8h [mg/l] 24h [mg/l] 32h [mg/l] 

Alpha-Methylstyrene 0.02 0.03 0.03 0.03 0.03 0.03 

Guaiacol 0.03 0.03 0.03 0.02 0.02 0.03 

p-Cumenol 0 0 0 0 0 0 

Phenylacetic 0 0 0 0 0 0 

Syringol 0.05 0.04 0.07 0.06 0.05 0.05 

4-Hydroxybenzaldehyd 0 0 0 0 0 0 

Eugenol 0 0 0 0 0 0 

Vanillin 0 0 0 0 0 0 

4-Hydroxyacetophenon 0 0 0 0 0 0 

Acetovanilone 0 0 0 0 0 0 

di-Butylhydroxytoluol 0.01 0.01 0.01 0.01 0.01 0.01 

Syringaldehyd 0 0 0 0 0 0 

Acetosyringone 0 0 0 0 0 0 

BPA 0 0 0 0 0 0 

Total 0.09 0.08 0.11 0.09 0.08 0.09 
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 As can be seen in Table 4.6, using 80 v/v % DES applying a 0.05 V potential, the lignin target 

compound presented in higher concentration is guaiacol. All of the other products obtained in the 

experiment, have no significant amount (almost zero). 

Table 4.6 - Lignin products concentration obtained applying a 0.05 V potential using the 80 v/v % DES solution 

 Figure 4.18 represents the yield of phenols obtained applying a 0.05 V potential using the three 

different solvents. It is possible to observe that to each solvent the yield of phenols is constant during 

the experiment. As it was expected, buffer and 10 w/v % SXS solutions present almost no yield. 

  

Target Compounds 0h [mg/l] 1h [mg/l] 2h [mg/l] 8h [mg/l] 24h [mg/l] 32h [mg/l] 

Alpha-Methylstyrene 0.04 0.04 0.04 0.04 0.04 0.03 

Guaiacol 1.33 1.37 1.4 1.36 1.38 1.27 

p-Cumenol 0 0 0.01 0.01 0.01 0.01 

Phenylacetic 0 0 0 0 0 0 

Syringol 0.06 0.06 0.07 0.06 0.08 0.06 

4-Hydroxybenzaldehyd 0 0 0 0 0 0 

Eugenol 0 0 0 0 0 0 

Vanillin 0.03 0.06 0.06 0.04 0.04 0.03 

4-Hydroxyacetophenon 0 0 0 0 0 0 

Acetovanilone 0 0 0 0 0 0 

di-Butylhydroxytoluol 0.01 0.01 0.01 0.01 0.01 0.01 

Syringaldehyd 0 0 0 0 0 0 

Acetosyringone 0 0 0 0 0 0 

BPA 0.01 0.01 0.01 0.01 0.01 0.01 

Total 1.44 1.51 1.56 1.49 1.53 1.39 
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4.3.3.2. Products obtained applying a 0.25 V potential 

 Analyzing Table 4.7 it can be concluded that in these conditions, applying a 0.25 V potential in 

the presence of the buffer solution, there is almost no production of the lignin target compounds. 

Table 4.7 – Lignin products concentration obtained applying a 0.25 V potential using the buffer solution 

 Using the 10 w/v % SXS solvent (Table 4.8), in the beginning of the experiment, acetosyringone 

and BPA are the compounds obtained with higher concentrations, but after 1 hour up to the end of the 

experiment these values tend to decline, reaching almost zero. 

Table 4.8 – Lignin products concentration obtained applying a 0.25 V potential using the 10 w/v % SXS solution 

  

Target Compounds 0h [mg/l] 1h [mg/l] 2h [mg/l] 8h [mg/l] 24h [mg/l] 32h [mg/l] 

Alpha-Methylstyrene 0.01 0.01 0.01 0.01 0.01 0.01 

Guaiacol 0.05 0.05 0.05 0.04 0.04 0.04 

p-Cumenol 0 0.01 0.01 0 0.01 0 

Phenylacetic 0 0 0 0 0 0 

Syringol 0.04 0.05 0.04 0.03 0.04 0.03 

4-Hydroxybenzaldehyd 0 0 0 0 0 0 

Eugenol 0 0 0 0 0 0 

Vanillin 0 0 0 0 0 0 

4-Hydroxyacetophenon 0 0 0 0 0 0 

Acetovanilone 0 0 0 0 0 0 

di-Butylhydroxytoluol 0 0 0.01 0.01 0.01 0 

Syringaldehyd 0 0 0 0 0 0 

Acetosyringone 0.03 0.03 0.02 0.01 0.01 0 

BPA 0.15 0 0 0 0 0 

Total 0.27 0.14 0.13 0.09 0.11 0.07 

Target Compounds 0h [mg/l] 1h [mg/l] 2h [mg/l] 8h [mg/l] 24h [mg/l] 32h [mg/l] 

Alpha-Methylstyrene 0.01 0.01 0.01 0.01 0.01 0.01 

Guaiacol 0.18 0.1 0.1 0.09 0.1 0.1 

p-Cumenol 0 0.01 0.01 0.01 0.01 0 

Phenylacetic 0 0 0 0 0 0 

Syringol 0.03 0.03 0.04 0.03 0.03 0.03 

4-Hydroxybenzaldehyd 0 0 0 0 0 0 

Eugenol 0 0 0 0 0 0 

Vanillin 0 0 0 0 0 0 

4-Hydroxyacetophenon 0 0 0 0 0 0 

Acetovanilone 0 0 0 0 0 0 

di-Butylhydroxytoluol 0.01 0.01 0.01 0 0 0 

Syringaldehyd 0 0 0 0 0 0 

Acetosyringone 0.73 0.1 0.07 0.02 0.01 0.01 

BPA 0.81 0.16 0.14 0.02 0.02 0.02 

Total 1.76 0.41 0.37 0.17 0.17 0.16 
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 As can be derived from Table 4.9, vanillin is one of the lignin products obtained, using 80% 

DES, and its concentration is growing during the experiment. Another target compound produced with 

these conditions is guaiacol, being the lignin product obtained in higher amount in this experiment. 

Table 4.9 - Lignin products concentration obtained applying a 0.25 V potential using the 80 v/v % DES solution 

 By analyzing the figure 4.19, applying a potential 0.25 V to the reaction system, the phenol yield 

is higher in the 80 v/v % DES solution, and the yield value is constant during the time. The 10 w/v % 

SXS solution presents a 0.4 % at time zero, but after one hour the value decrease to 0.1 %, and after 

24 h the phenol yield starts to grow. The buffer systems present almost none phenol yield during the 32 

hours. 

Target Compounds 0h [mg/l] 1h [mg/l] 2h [mg/l] 8h [mg/l] 24h [mg/l] 32h [mg/l] 

Alpha-Methylstyrene 0.01 0.01 0.01 0.01 0.01 0.01 

Guaiacol 1.1 1.12 1.16 1.06 1.07 1.05 

p-Cumenol 0.01 0.01 0.01 0.01 0.01 0.01 

Phenylacetic 0 0 0 0 0 0 

Syringol 0.04 0.04 0.04 0.04 0.05 0.04 

4-Hydroxybenzaldehyd 0 0 0 0 0 0 

Eugenol 0 0 0 0 0 0 

Vanillin 0.21 0.49 0.49 0.42 0.55 0.51 

4-Hydroxyacetophenon 0 0 0 0 0 0 

Acetovanilone 0 0 0 0 0 0 

di-Butylhydroxytoluol 0.01 0.01 0.01 0 0.01 0.01 

Syringaldehyd 0 0 0 0 0 0 

Acetosyringone 0.02 0.02 0.03 0.02 0.02 0.02 

BPA 0 0 0 0.01 0.02 0.03 

Total 1.39 1.69 0.74 1.56 1.73 1.67 
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Figure 4.19 - Yield of phenols obtained applying a potential of 0.25 V, using 

buffer, 10 % SXS and 80 % DES 
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 Conclusions and Outlook 

 Lignin is the most abundant aromatic resource on Earth that has profitable uses, representing 

an important and promising feedstock in terms of renewable production of fuels and chemicals in the 

future. Nowadays, the larger amount of lignin is produced from the pulp and paper industry, but it is 

mainly disposed of and burned as an energy source to feed the process, not using its full potential. 

 Since lignin possesses a huge and complex aromatic structure and because of its large 

availability as a renewable carbon source, the main goal of this project was to study three different 

approaches to depolymerize lignin into high value aromatic compounds: enzymatic, chemical and 

electrochemical depolymerization. 

 The biologic methodology, using a laccase from T. versicolor, enabled the determination of the 

optimal laccase medium/conditions were PTM1 combined with kanamycin at pH 5, by ABTS assays. 

 Furthermore, the enzymatic activity was studied in the presence of SXS and DES, revealing that 

laccase activity decreases with the solvents concentration, especially with DES. Nevertheless, the 

chosen concentration of each solvent to use in the next steps of this experimental work were 10 w/v % 

of SXS and 80 v/v % of DES. Although 80 v/v % DES is not the best condition of the enzyme, it is known 

that at this percentage is possible to observe lignin solubility. 

 In the electrochemical approach the electrochemical behavior of the different components of the 

system was studied. The cyclic voltammetry demonstrated to be not a sensitive method for enzyme 

redox activity. The chronoamperometry analysis revealed that the enzymatic activity is improved 

applying a certain potential for all solvents, reaching higher values with the higher potential used (0.25 

V). Regarding to solvents combined with electrochemistry, the laccase presents higher activities in the 

buffer and 10 w/v % SXS systems. 

 For further insight, two analytical methods were used: GPC, to gain information about the molar 

mass distribution of lignin solutions and GC-MS, to quantify the different phenolic product molecules.  

 The GPC demonstrated that lignin was polymerized and depolymerized during the time, in 

different conditions, which means that the performance on depolymerization of lignin is not fully 

satisfactory, as full depolimerization is not achieved. 

 Looking at component identification results, vanillin, guaiacol, acetosyringone and BPA are the 

most common products, but the total amount of phenols tends to decrease with time, except in the 80 

v/v % DES system with a 0.25 V potential, which probably means that the electrochemical conditions 

are oxidizing not only lignin, but also the target compounds. In the experiments using the buffer and 80 

v/v % DES solutions without applying electrochemistry present acetosyringone and BPA at time zero, 

but after that the products concentration tends to decrease during the tests. Applying a 0.05 V potential, 

it is just possible to observe some phenols using the 80 v/v % DES solution, having constant 

concentration values over the time.  

 For achieving better results, the product characterization should be also performed with different 

potentials using DES as solvent. For future research, additional kinds of lignin and enzyme should be 

tested. More analytical methods could be employed to help the identification of products derived from 
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the process, like liquid chromatography-mass spectrometry (LC-MS) and high performance liquid 

chromatography (HPLC), which have been used by several researchers to analyse lignin solutions. 
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 Appendices 

7.1. Appendix A 

 In this Appendix the cyclic voltammograms obtained from the buffer CV experiment using a scan 

rate of 0.025 V/s applying voltage between -1.5 and 1.5 V are presented. 
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Figure 7.7.1 - Cyclic voltammograms of (a) the buffer and buffer mixed with the enzyme (E). (b) Buffer combined 
with the substrate (S) and buffer with the substrate and laccase, using a scan rate of 0.025 V/s 
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7.2. Appendix B 

 In this Appendix the cyclic voltammograms obtained from the buffer CV experiment using a 

scan rate of 0.050 V/s applying voltage between -1.5 and 1.5 V are presented. 

7.3. Appendix C  

 In this Appendix the chromatograms from the GC-MS analysis to the different experiments are 

presented. 
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Figure 7.2 - Cyclic voltammograms of (a) the buffer and buffer mixed with the enzyme (E). (b) Buffer combined with 
the substrate (S) and buffer with the substrate and laccase, using a scan rate of 0.050 V/s 
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Figure 7.3 - GC-MS-Chromatograms of lignin in buffer solutions without applying potential 
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Figure 7.5 - GC-MS-Chromatograms of lignin in buffer solutions applying a 
0.25 V potential 
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Figure 7.4 - GC-MS-Chromatograms of lignin in 10 w/v % SXS solutions 
without applying potential 
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Figure 7.7 - GC-MS-Chromatograms of lignin in 10 w/v % SXS solutions 
applying a 0.25 V potential 
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Figure 7.6 - GC-MS-Chromatograms of lignin in 80 v/v % DES solutions 
without applying potential 
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Figure 7.8 - GC-MS-Chromatograms of lignin in 80 v/v % DES solutions applying a 0.25 V potential 
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