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resumo 
 

 

Os lenhossulfonatos (LS) são subprodutos sulfonados derivados da lenhina 
presentes nos licores sulfito (SSL) do cozimento sulfito ácido. Os SSL são 
principalmente queimados para a recuperação da base inorgânica e produção 
de energia e são considerados recursos naturais subaproveitados. A 
possibilidade de aumentar os lucros da empresa com a valorização dos LS, 
através da produção de produtos de valor acrescentado para diferentes 
aplicações de mercado, é altamente motivadora e um desafio no âmbito dos 
conceitos de biorrefinaria e economia circular. 
 
O processo de cozimento sulfito ácido com base de magnésio adotado na 
CAIMA Indústria de Celulose S.A. mudou significativamente nos últimos anos. 
Anteriormente, destinava-se à produção de pasta celulósica para a produção 
de papel a partir de madeira de eucalipto, mas hoje em dia a CAIMA produz 
pasta solúvel a partir de madeira de Eucalyptus globulus em condições mais 
severas. Considerando que a alteração do processo sulfito pode ter causado 
mudanças inevitáveis na composição final do SSL, a primeira tarefa desta tese 
consistiu numa análise química sistemática para avaliar as características 
químicas de SSL, seguido pelo isolamento das frações ricas em LS a partir de 
SSL, obtendo-se LS purificado. A composição química do SSL mostrou que 
condições de cozimento mais severas levam a um aumento de compostos 
voláteis, como o ácido acético, metanol e furfural, enquanto que a quantidade 
de açúcares solúveis e LS aumentou de forma menos significativa. Por sua 
vez, a estrutura química do LS mostrou que condições de cozimento mais 
severas levam ao aumento do peso molecular, grau de condensação e grau de 
sulfonação. As seguintes tarefas da tese visam o desenvolvimento de novas 
formulações baseadas em LS. 
 
A segunda tarefa focou a modificação química dos LS para melhorar o seu 
desempenho como dispersantes em formulações de betão. A primeira 
abordagem consistiu num tratamento oxidativo dos LS catalisado por uma 
lacase visando o aumento do seu peso molecular (Mw) e a quantidade de 
grupos oxidados. A oxidação catalisada por lacase nas condições otimizadas 
(40 ºC, pH 4,5, concentração de enzima de 83–500 U·g–1 durante 90 min) 
permitiu obter um aumento de Mw até 11 vezes superior e quase duplicou a 
quantidade de grupos carbonilos e carboxilos sem usar quaisquer mediadores. 
Os LS modificados mantiveram a sua solubilidade em água e o seu potencial 
zeta foi semelhante ao do LS inicial. A caracterização do LS modificado por 
UV-Vis, FTIR-ATR e espectroscopia de RMN 13C quantitativo foi realizada e os 
grupos sulfónicos e fenólicos foram determinados por titulação condutimétrica. 
Concluiu-se que a polimerização dos LS ocorreu principalmente através da 
formação de novas ligações éter-arilo (dois terços da modificação) e ligações 
bifenilo (o terço restante).  
 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



resumo (continuação) 

 
De seguida, outras estratégias de modificação química foram estudadas, 
incluindo a (i) modificação dos LS catalisada por polioxometalatos e a 
modificação dos LS catalisada por lacase mediada por polioxometalatos, (ii) 
glioxalação, (iii) técnicas de polimerização radicalar com desativação reversível 
(RDRP), tais como transferência reversível de cadeia por adição-fragmentação 
(RAFT), e (iv) síntese de dispersantes poliméricos a partir de LS não iónicos 
usando dois derivados diferentes oligoméricos epoxidados de poli (etileno 
glicol) (PEG) e poli (propileno glicol) (PPG). Os LS modificados foram usados 
para preparar pastas de cimento, cuja fluidez/trabalhabilidade foi avaliada e 
comparada com superplastificantes de fonte petrolífera, como policondensado 
de formaldeído e naftaleno sulfonado (NSF) e copolímero éter policarboxilato 
(PCE). Os resultados revelaram que os produtos mais promissores são LS 
modificados com PPG devido ao enxerto de cadeias de PPG nos grupos 
hidroxilo fenólicos nos LS. Estes produtos apresentaram a melhor eficiência 
dispersante, provavelmente relacionada à repulsão eletrostática (causada 
pelos grupos ionizáveis, tais como grupos sulfónicos nos LS), e 
simultaneamente com o impedimento estérico (devido às cadeias PPG 
enxertadas). 
 
A terceira tarefa consistiu na preparação de poliuretanos (PU) a partir de LS 
dopados com nanotubos de carbono (MWCNTs) na gama de concentrações 
0,1–1,4% m/m, produzindo um copolímero condutor compósito, que foi 
utilizado na produção de sensores químicos potenciométricos no estado sólido. 
Os PUs a partir de LS dopados com 1,0% m/m MWCNTs exibiram a 
condutividade elétrica mais relevante e adequada para a aplicação em 
sensores. O sensor potenciométrico a partir de LS exibiu uma resposta quase 
Nernstiana ou supernernstiana a uma ampla gama de metais de transição, 
incluindo Cu(II), Zn(II), Cd(II), Cr(III), Cr(VI), Hg(II) e Ag(I) a pH 7 e Cr(VI) a pH 
2. Igualmente, exibiu uma resposta redox ao par redox Fe(II)/(III) a pH 2. Ao 
contrário de outros sensores potenciométricos a partir de materiais compósitos 
semelhantes a partir de outras lenhinas, esta membrana polimérica flexível a 
partir de LS não sofreu complexação irreversível com Hg(II). Adicionalmente, 
foi registada uma resposta fraca em relação aos líquidos iónicos, [C2mim]Cl e 
ChCl. Ao contrário dos compósitos a partir de LS contendo MWCNTs, aqueles 
dopados com óxido de grafeno (GO), GO reduzido (rGO) e grafite (Gr) não 
revelaram a mesma condutividade elétrica, mesmo com cargas até 10% m/m. 
Este fato está associado, pelo menos parcialmente, com as diferentes 
capacidades de dispersão da carga dentro da matriz polimérica. 
 
Por fim, a quarta tarefa consistiu em avaliar a viabilidade em usar LS não 
modificado como poliol na formulação de adesivos de poliuretano (PU). O LS 
purificado foi dissolvido em água para simular a sua concentração no licor 
sulfito (SSL) e, de seguida, reagiu com difenilmetano-4,4'-diisocianato 
polimérico (pMDI) na presença ou ausência de poli(etileno glicol) com Mw 200 
(PEG200) como segmento de reticulação flexível. Os adesivos de PU a partir de 
LS resultantes foram caracterizados por espectroscopia de infravermelho e 
técnicas de análise térmica. A força de adesão dos novos adesivos foi avaliada 
usando Automated Bonding Evaluation System (ABES) tendo sido usadas tiras 
de madeira como material de teste. Os resultados mostraram que a adição de 
PEG200 contribuiu positivamente tanto para a homogeneização da mistura de 
reação e melhor reticulação da rede polimérica, como para as interações de 
interface e resistência adesiva. Este último foi comparável à resistência 
adesiva registada para uma cola branca comercial com valores de tensão de 
corte de quase 3 MPa. A formulação de adesivo de PU otimizada a partir de 
LS foi avaliada quanto à cinética de cura usando os métodos de Kissinger e 
Ozawa por calorimetria diferencial de varrimento não isotérmica. Concluiu-se 
que o processo de cura segue uma tendência semelhante à observada com 
outras formulações de PU e que a energia de ativação está na gama de 60–70 
kJ·mol−1 dependendo do método aplicado. 
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abstract 

 
Lignosulphonates (LS) are sulphonated lignin-derived by-products present in 
sulphite spent liquors (SSL) from acidic sulphite pulping. SSL are mostly 
burned for inorganic base and energy recovery and considered as underutilized 
natural resources. The possibility of increasing the company profits with the 
valorization of LS, through the production of value-added products for different 
market applications, is highly motivating and is a challenge towards the 
biorefinery and circular economy concepts.  
 
The magnesium-based acidic sulphite cooking process adopted at CAIMA 
Indústria de Celulose S.A. changed significantly in the last years. Formerly, it 
aimed at the production of paper-grade cellulosic pulp from eucalypt wood, but 
nowadays CAIMA produces dissolving pulp from Eucalyptus globulus wood 
under harsher conditions. Considering that the re-profiling of the sulphite 
process may have caused inevitable changes in the composition of the final 
SSL, the first task of this thesis consisted in a systematic chemical analysis to 
assess the structural features of sulphite spent liquors (SSL) followed by the 
isolation of LS-rich fractions from SSL yielding purified LS. The chemical 
composition of SSL showed that more severe pulping conditions led to an 
increase of volatile compounds, such as acetic acid, methanol and furfural, 
whilst the amount of dissolved sugars and LS increased less significantly. In 
turn, the chemical structure of LS, showed that harsher pulping conditions lead 
to the increase of the molecular weight, degree of condensation and 
sulphonation degree. The following tasks of the thesis aimed at the 
development of new formulations based on LS. 
 
The second task focused on the chemical modification of LS to improve their 
performance as plasticizing dispersants in concrete formulations. The first 
approach consisted on a laccase-catalyzed oxidative treatment of LS targeting 
the increase of their molecular weight (Mw) and the amount of oxidized groups. 
The laccase assisted oxidation under optimized conditions (40 ºC, pH 4.5, 

enzyme loads of 83–500 U·g–1 for 90 min) allowed a Mw increase up to 11-fold 

and almost doubled the amount of carbonyl and carboxyl groups without using 
any mediators. Modified LS maintained their solubility in water and their zeta-
potential was closed to that of initial LS. Characterization of modified LS by UV-
Vis, FTIR-ATR, and quantitative 13C NMR spectroscopy was performed and the 
sulphonic and phenolic groups were assessed by conductometric titration. It 
was concluded that LS polymerization occurred mostly via the formation of new 
aryl ether bonds (two thirds of the modification) and biphenyl bonds (the 
remaining third). Thereafter, other chemical modification strategies were 
examined including the (i) polyoxometalate-catalysed modification and  
 

 

 



  

 

 



abstract (continuation) 

 
polyoxometalate-mediated laccase modification of LS, (ii) glyoxalation, (iii) 
reversible deactivation radical polymerization techniques (RDRP), such as 
reversible addition-fragmentation chain transfer (RAFT), and (iv) synthesis of 
LS-based non-ionic polymeric dispersants using two different epoxidized 
oligomer derivatives of poly(ethylene glycol) (PEG) and poly(propylene glycol) 
(PPG). The modified LS were used to prepare cement pastes, which 
fluidity/workability was evaluated and compared with commercial petroleum-
based superplasticizers, such as naphthalene sulfonate formaldehyde 
polycondensate (NSF) and copolymer polycarboxylate ethers (PCE). Results 
revealed that the most promising products are PPG-modified LS due to the 
grafting of PPG chains in the phenolic hydroxyl groups in LS. The enhanced 
dispersant efficiency of the ensuing products is probably related to electrostatic 
repulsion (caused by the ionizable groups such as sulfonic groups from LS) 
along with steric hindrance (due to the grafted PPG chains). 
 
The third task consisted in preparing LS-based polyurethanes (PUs) doped with 
multiwalled carbon nanotubes (MWCNTs) within the range of 0.1–1.4 % w/w, 
yielding a unique conducting copolymer composite, which was employed as a 
sensitive material for all-solid-state potentiometric chemical sensors. LS-based 
PUs doped with 1.0 % w/w MWCNTs exhibited relevant electrical conductivity 
suitable for sensor applications. The LS-based potentiometric sensor displayed 
a near-Nernstian or super-Nernstian response to a wide range of transition 
metals, including Cu(II), Zn(II), Cd(II), Cr(III), Cr(VI), Hg(II), and Ag(I) at pH 7 
and Cr(VI) at pH 2. It also exhibited a redox response to the Fe(II)/(III) redox 
pair at pH 2. Unlike other lignin-based potentiometric sensors in similar 
composite materials, this LS-based flexible polymeric membrane did not show 
irreversible complexation with Hg(II). Only a weak response toward ionic 
liquids, [C2mim]Cl and ChCl, was registered. Contrary to LS-based composites 
comprising MWCNTs, those doped with graphene oxide (GO), reduced GO 
(rGO), and graphite (Gr) did not reveal the same electrical conductivity, even 
with loads up to 10 % (w/w), in the polymer composite. This fact is associated, 
at least partially, with the different filler dispersion abilities within the polymeric 
matrix. 
 
Finally, the fourth task consisted in assessing the feasibility of using LS 
unmodified polyol in the formulation of polyurethane (PU) adhesives. Purified 
LS was dissolved in water to simulate its concentration in sulphite spent liquor 
and then reacted with 4,4’-diphenylmethane diisocyanate (pMDI) in the 
presence or absence of poly(ethylene glycol) with Mw 200 (PEG200) as soft 
crosslinking segment. The ensuing LS-based PU adhesives were characterized 
by infrared spectroscopy and thermal analysis techniques. The adhesion 
strength of new adhesives was assessed using Automated Bonding Evaluation 
System (ABES) employing wood strips as a testing material. The results 
showed that the addition of PEG200 contributed positively both to the 
homogenization of the reaction mixture and better crosslinking of the polymeric 
network, as well as to the interface interactions and adhesive strength. The 
latter was comparable to the adhesive strength recorded for a commercial 
white glue with shear stress values of almost 3 MPa. The optimized LS-based 
PU adhesive formulation was examined for the curing kinetics using the 
Kissinger and Ozawa methods by non-isothermal differential scanning 
calorimetry. It was concluded that the curing process follows a similar trend to 
that observed with other PU formulations and that the activation energy is 
within the range of 60-70 kJ·mol−1 depending on the applied method. 
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1.1. BACKGROUND 

In the 20th century, most of the energy supply and chemicals production derived from 

fossil fuel-based resources, such as crude oil. However, the continued depletion of finite 

fossil resources and their adverse environmental impacts have highlighted the necessity to 

reduce the dependence on this type of resources. Due to the increasing threat of global 

warming and also considering the impact of the public view, governments began to look 

seriously for alternative and more sustainable resources as feedstock replacements, namely 

biomass. The biorefinery and circular economy concepts are becoming imperative in the 

industrial sector, especially in the pulp and paper industry. Thus, in order to improve the 

economic sustainability of pulp mills, the valorisation of the ensuing by-products has been 

directed towards new added-value products to expand their economic profits. In particular, 

industrial (technical) lignin has attracted worldwide attention as it is an abundant 

biodegradable renewable resource for the production of biofuels, and a platform to prepare 

new chemicals, and value-added products such as polymers.  

In 2019, the worldwide production of wood pulps exceeded 190 million tons (this 

information being solely based on kraft and sulphite pulps) (Figure 1a). The world dominant 

process to produce chemical wood pulp is the kraft pulping method while the sulphite 

process, which affords lignosulphonates (LS) as by-products, only represents ca. 2% of the 

world chemical pulp production as illustrated in Figure 1b [1]. Yet, the global lignin market 

is mostly composed of lignosulphonates (ca. 88 %, LS), followed by kraft lignin (ca. 9 %, 

KL) and organosolv lignin (ca. 2 %, OL), which is gaining popularity due to the production 

of second generation biofuels (bioethanol production) and high-quality lignin [2,3]. 

Therefore, the main economically viable source of lignin is the sulphite process, which has 

been attracting significant attention in the context of the biorefinery concept. The sulphite 

chemical pulp is marketed as a raw material (e.g., dissolving pulp) and sulphite spent liquors 

(SSL) are processed to produce fuels (such as bioethanol), additives (proteins, xylitol, etc.) 

and/or lignin-based chemicals. 
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Figure 1. World production of wood pulp in 2019 in different world regions (a) and by different 

production methods (b) [1]. 

 

Nowadays, Eucalyptus globulus is the major wood source to produce hardwood bleached 

kraft pulp in Europe, including Portugal and Spain. There is only one Portuguese company, 

CAIMA Indústria de Celulose SA, that produces dissolving pulp from Eucalyptus globulus 

through the magnesium-based acidic sulphite cooking process generating LS-rich sulphite 

spent liquors (SSL). In 2019, the volume of dissolving pulp production by Caima reached 

107 thousand tons [1] and, nowadays, the company has the capacity to produce around 125 

thousand tons of dissolving pulp per year [4]. Changing the pulping process from the 

production of paper-grade to the production of dissolving pulp might have caused inevitable 

changes in the composition of the final sulphite spent liquor affecting its potentialities for 

subsequent processing to meet biorefinery requirements. Hence, this thesis aims at 

addressing this issue as it is briefly described in section1.2. 
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1.2. OBJECTIVES AND OUTLINE OF THE THESIS 

Lignosulphonates (LS) from the sulphite pulping industry can find a wide variety of 

applications (as binders, dispersants and other minor applications), most of them depending 

on their good water-solubility, which is the reason for the world lignin market being largely 

restricted to LS. The possibility of increasing the company profits with the valorization of 

their by-products, such as LS, through the production of value-added products for different 

market applications is highly motivating. Furthermore, LS from eucalypt (hardwood) wood 

are the least studied in polymeric applications compared to LS from softwood and kraft 

pulping. Therefore, this Ph.D. project targets opportunities for the valorization of eucalypt 

LS towards new added-value products to expand the economic profits of the pulp industry 

within the scope of biorefinery and circular economy concepts. The main objectives of this 

study were as follows: 

1. The comprehensive characterization of the structural features of lignosulphonates 

(LS) from the magnesium-based acid sulphite pulping of Eucalyptus globulus wood for the 

production of dissolving pulp. 

2. The targeted modification of LS to enhance their plasticising effect in additives to 

improve the workability of concrete formulations. 

3. The synthesis and characterization of new LS-based polyurethane conductive 

polymeric membranes (CPM) and evaluation of their potential in conducting devices and 

sensor applications. 

4. The development of LS-based formaldehyde-free adhesives for potential application 

in biocomposites.  

This thesis is divided in eight chapters, the first one (CHAPTER 1) includes the 

background and the objectives of this Ph.D. thesis herein presented. 

CHAPTER 2 provides an overview of the literature focused on lignin and LS structure and 

lignin-based materials with particular attention to employing LS as a macromonomer for the 

production of polymeric materials. The referred materials are directed to the applications of 

interest to this Ph.D. project and include plasticizers/dispersants for concrete applications, 

lignin-based conducting composites and adhesives for biocomposites.  
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CHAPTER 3 consists in the experimental section where all materials and experiments 

performed are thoroughly described including all details necessary for possible reproduction. 

CHAPTER 4 presents the complete characterization of sulphite spent liquors provided by 

CAIMA company as well as the purification of LS from these liquors and their thorough 

structural characterization. These results are essential to assess the viability of using eucalypt 

LS in the synthesis of polymeric formulations for specific applications. 

CHAPTER 5 describes and discusses the synthesis of LS-based dispersants for concrete 

applications. Different approaches were investigated including (i) laccase oxidative 

polymerization of LS, (ii) polyoxometalate-mediated laccase modification of LS, (iii) 

glyoxalation of LS, (iv) reversible deactivation radical polymerization techniques (RDRP), 

such as reversible addition-fragmentation chain transfer (RAFT), and (v) the synthesis of 

LS-based non-ionic polymeric dispersants using two different epoxidized oligomer 

derivatives of poly(ethylene glycol) (PEG) and poly(propylene glycol) (PPG). The most 

promising LS-based products were characterized and were used to prepare cement pastes, 

which fluidity/workability was evaluated. 

CHAPTER 6 is devoted to the synthesis of flexible conducting membranes for sensing 

applications. Specifically, LS-based polyurethanes (PUs) doped with multiwalled carbon 

nanotubes (MWCNTs) were prepared and employed as a sensitive material for all-solid-state 

potentiometric chemical sensors for the detection a wide range of transition metals. Other 

carbon fillers, such as graphene oxide, reduced graphene oxide and graphite, were also 

studied for the same goal. 

CHAPTER 7 is dedicated to the synthesis of LS-based polyurethanes (PU) adhesives using 

commercial 4,4’-diphenylmethane diisocyanate (pMDI) with or without polyethylene glycol 

with Mw 200 (PEG200) as soft crosslinking segment. LS-based PU adhesives were 

characterized and their adhesion strength was assessed. Furthermore, the kinetics of the 

curing process of the most promising LS-based PU adhesive formulation was studied by 

non-isothermal differential scanning calorimetry. 

Finally, in CHAPTER 8 the main conclusions of the work are presented including some 

perspectives for future work. 
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Lignocellulosic biomass (wood and non-wood) is the most abundant renewable resource 

in the world. The properties of biomass are unique to the plant and are dependent on plant 

species, source and growth conditions. Wood is mainly composed of holocellulose 

comprising cellulose (30–50 %) and hemicelluloses (20–35 %), both accounting for 

approximately two thirds of the wood material, lignin (ca. 15–30 %) and in a minor extent 

other components such as extractives, minerals and proteins [5,6]. Worldwide, eucalypts are 

among the most important short-rotation hardwoods planted for the pulp and paper industry 

[7]. Different species are grown in different countries and, in Portugal and Spain, Eucalyptus 

globulus is the major wood source used for the production of bleached kraft pulp and 

dissolving pulp. Only one Portuguese company produces dissolving pulp using the 

magnesium-based acidic sulphite pulping of eucalypt wood. Due to the economic and 

commercial importance of the Eucalyptus globulus species, the evaluation of its chemical 

composition has been the focus of several studies over the years and is summarized in Table 

1.   

 

Table 1. Chemical composition of Eucalyptus globulus wood (% w/w o.d. wood) [5,7–10]. 

Wood component Eucalyptus globulus 

Ash 0.3–0.6 

Extractives  

Dichloromethane 0.3–0.4 

Toluene-ethanol 1.7 

Ethanol 0.9–2.3 

Methanol-water 2.4 

Water 1.3–3.4 

Total lignin 22.1–26.1 

Klason lignin 19.5–21.9 

Soluble lignin 1.6–4.9 

Holocellulose 64.1–72.0 

Cellulose 48.3–54.0 

Glucan 49.8 

Xylans 14.4 

Pentosans 14.1–18.9 

Hemicelluloses 18.7 

1% NaOH solubles 8.2–17.4 
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2.1. THE STRUCTURE OF LIGNIN 

Lignin is the second most abundant renewable natural polymer from biomass after 

cellulose and is the most abundant aromatic-based renewable source with the advantage that 

it does not compete with food stocks. Lignin is generated in huge amounts worldwide from 

forestry and agricultural activities. As a matter of fact, the amount of lignin in forest biomass 

is massive. Considering that it has been estimated that there are approximately 3 trillion trees 

on Earth [11], the global amount of lignin can be assessed at around 100 000 million tonnes 

(if assuming an average lignin content of 25 %) [12]. The worldwide production of lignin is 

approximately 100 million tons per year and was valued at 732.7 million USD in 2015. This 

is expected to reach 913.1 million USD by 2025 with a compound annual growth rate 

(CAGR) of 2.2 % [2] and reach 1.12 billion USD by 2027 [13]. The most important source 

of lignin feedstock is the pulping and paper industry, mainly the kraft pulping process, 

generating annually around 50–70 million tons of lignin dissolved from wood. However, 

only 1–2 % of the total amount of lignin is recovered to produce specialty chemicals such as 

dispersants, adhesives, surfactants and other value-added products, since most of these 

applications depend on the good water-solubility of lignin. The majority of the lignin is 

burned as low-value fuel to generate electricity and heat [2,14]. Lignin can also be extracted 

from herbaceous crops, such as corn stover, wheat, rice, flax and others [15,16]; however, 

considering the focus of this thesis, lignin from herbaceous sources will not be discussed. 

Lignin is responsible for water repellence and structural integrity in plants. This results 

from the fact that it consists in an amorphous polymer, which has an irregular hyperbranched 

or crosslinked aromatic structure, depending on both botanical origin of plant material and 

the extraction process used for lignin isolation [17,18]. Lignin is formed through the 

polymerization of the three main phenylpropanolic monomers, the so-called monolignols. 

Monolignols differ in structure, in particular in the degree of methoxylation, depending on 

plant type and include p-coumaryl alcohol (H unit), coniferyl alcohol (G unit) and synapyl 

alcohol (S unit) (Figure 2a). Lignification differs considerably from simple dimerization of 

the monolignols. Lignification occurs via radical coupling reaction involving the β-carbon, 

the phenolic hydroxyl (OH) and the aromatic C5 (only in G or H units); hence, originating 

carbon−carbon and ether bonds forming the ensuing three-dimensional macromolecular 

structure [19,20]. As a result, lignin comprises different types of inter-unit linkages (Figure 
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2b) and several chemical functional groups including hydroxyl, methoxyl, carbonyl and 

carboxyl groups, as depicted in Figure 2c.  

In growing plants, lignin forms chemical linkages with polysaccharide constituents, such 

as hemicelluloses (xylan and glucomannan) and, possibly, to a minor extent with cellulose, 

which are designated as lignin-carbohydrate complexes (LCC) [5,21,22]. Three main types 

of LCC bonds have been suggested in the literature, namely benzyl esters, benzyl ethers, and 

phenyl glycosides [5,21]. Furthermore, the presence of phenolic and aliphatic OH moieties 

promotes inter- and intramolecular associations through hydrogen bonding enhancing 

lignin’s cohesive energy [23]. Therefore, lignin exhibits relatively high glass transition 

temperatures (Tg) ranging between 70 and 170 ºC [24–27], which is higher for softwood 

lignins than for hardwood lignins [23]. The glass transition, Tg, is the temperature assigned 

to a region above which amorphous materials are fluid or rubbery and below which they are 

immobile and rigid [28]. Depending on the source and the method to produce the technical 

lignins, lignins may also comprise other reactive moieties such as carbonyl, carboxyl and 

sulphonic groups [24–27]. 

Lignin from angiosperms (hardwood) exhibits striking structural differences from 

gymnosperms (softwood) due to their different content of methoxyl groups (Figure 2a). 

Lignin in hardwood is mainly composed of both G and S units with traces of H units and is 

usually referred as “guaiacyl-syringyl lignin”, while lignin from softwood is mainly built up 

of G units with minor amounts of H units and is usually referred as “guaiacyl lignin” [18–

20]. In general, the lignin content in wood is in the range 20–40 %, whereas in herbaceous 

plants it is less than 20 % as shown in Table 2.   

Due to the complex and heterogeneous molecular architecture of lignin and its 

derivatives, their complete chemical and structural characterization is a difficult task. 

Therefore, various techniques must be used, including several wet chemistry procedures (e.g. 

chemical oxidation to determine monomeric proportions of S, G and H sub-units; specific 

methodologies to determine the diverse functional groups, among others), size exclusion 

chromatography (SEC) for weight molecular distribution and polydispersity assessment, 

nuclear magnetic resonance spectroscopy (NMR such as 1H NMR, 31P NMR, 
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Figure 2. Chemical structure of (a) the three main monolignols and the corresponding building blocks in lignin, (b) some inter-unit linkage types and (c) 

functional groups in lignin [20,29]. 
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quantitative 13C NMR, and two-dimensional NMR) for structure elucidation including the 

content of inter-molecular linkages, functional groups, as well as other techniques 

[18,20,24,25,30–37]. 

 

Table 2. Lignin content (%) in some woody and herbaceous plants. 

Species Common name 
Klason 

Lignin 

Acid-

soluble 

lignin 

References 

Softwood     

Abies balsamea Balsam fir 29.1 n.f. [5] 

Juniperus communis Common juniper 30.1–32.1 0.7 [5,38]  

Picea abies Norway spruce 26.7–29.0 0.5 [5,21,38,39]  

Picea orientalis Oriental spruce 26.1–27.5 0.3 [40,41] 

Pinus radiate Monterey pine 26.4 0.6 [42] 

Pinus sylvestris Scots pine 27.5–27.7 n.f. [5,41] 

Pseudotsuga menziesii Douglas fir 27–29.3 n.f. [5,43] 

Hardwood     

Acacia mangium Brown salwood 27.1 0.5 [8,44] 

Acer rubrum Red maple 25.4–27.4 3.8 [5,39] 

Acer saccharum Sugar maple 21.5–25.2 3.6 [5,43,45] 

Betula alleghaniensis Yellow birch 18.6 4.6 [45] 

Betula papyrifera Paper/white birch 18–22.6 3.9 [5,39,43] 

Eucalyptus camaldulensis River red gum 21.8–31.3 2.3 [5,7] 

Eucalyptus globulus Blue gum 20.5–21.9 1.6–5.0 [5,7–9] 

Eucalyptus grandis Rose eucalypt 25.1–25.7 1.0–2.7 [7,8] 

Eucalyptus maculate Spotted gum 18.5 3.1 [7] 

Eucalyptus resinífera Red mahogany 28.1 2.8 [7] 

Herbaceous plants     

Cannabis sativa Hemp 4.6 1.5 [46] 

Corchorus capsularis Jute 13.3 2.8 [46] 

Hibiscus cannabinus Kenaf 12.2 3.0 [46] 

Linun usitatissiumum Flax 2.9 1.6 [46] 

Tritium aestivum Wheat straw 16 2.4 [22] 

n.f. – data not found. 

 

Currently, technical lignins are mostly obtained as side products of the three dominant 

chemical pulping processes, namely kraft, sulphite (both types of lignins contain a certain 

amount of sulphur groups) and soda (which is sulphur-free) (Figure 3). Technical lignin can 

also be produced in minor amounts from organosolv pulping (which is sulphur-free) (Figure 
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3). Therefore, depending on the main reactions during the selected delignification process 

(and naturally depending on the type of source), the structure of lignin in the plant/wood cell 

wall is modified, resulting in an entirely different technical lignin with unique chemical and 

structural features [24,25,27,31,47,48].  

 

 

Figure 3. Schematic representation of the chemical structure of the repeating unit of technical 

lignins. 

 

2.1.1. Sulphite pulping 

The sulphite pulping process is used for the production of paper- or dissolving-grade 

pulps. Evtuguin [49] reviewed the fundamental principles of sulphite pulping and discussed 

the chemical composition and valorisation of spent sulphite liquors. A simplified scheme of 

the sulphite pulping process is depicted in Figure 4. Briefly, sulphite pulping is carried out 

in a digester filled with wood chips and cooking acid. Afterwards, the brown stock is washed 

and the pulp is separated from the spent sulphite liquor (SSL) and directed to the bleaching 

plant. The SSL is then concentrated by evaporation to produce 56–68 % (w/w) thick SSL 

(THSL). Part of THSL is burned along with other fuels, such as raw biomass, to produce 

energy and to regenerate the pulping base and SO2 while the remaining fraction is processed 

into commercial products, as illustrated in Figure 4.  

The sulphite processes are usually classified according to the pH range of the resultant 

pulping liquor, as shown in Table 3. Therefore, during sulphite pulping of wood, sulphur 

dioxide (SO2) is used as the reagent and is present in aqueous solution in the form of 

hydrosulphite (HSO3
–) or sulphite (SO3

2–), depending on the medium pH. Consequently, at 

pH < 1 nearly all SO2 is present in solution as undissociated H2SO3, at pH 4–5 as 
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hydrosulphite and at pH > 8 as sulphite [49]. The dissolution of SO2 in aqueous solution 

decreases when the temperature increases preventing the effective delignification of wood 

when only SO2 is used.  

 

 

Figure 4. Scheme of the sulphite pulping and spent liquors recovery (adapted from [49]). 

 

Table 3. Sulphite pulping processes classification [49]. 

Method pH range Base alternative Active reagents T (ºC) 

Acid sulphite 1–2 Na+, Ca2+, Mg2+, NH4+ H+, HSO3
– 130–140 

Bisulphite 3–5 Na+, Mg2+, NH4+ (H+), HSO3
– 150–170 

Neutral sulphite 6–9 Na+, NH4+ HSO3
–, SO3

2– 160–180 

Alkaline sulphite 10–13 Na+ SO3
2– 160–180 

 

Cooking bases, such as metal oxides of Na, Ca, Mg, and NH3, are added to increase the 

retention of SO2 in aqueous solution while a certain quantity of SO2 is in the form of 

hydrosulphite or sulphite, depending on the type and amount of base involved. Nowadays, 

the most common regenerable base used in the sulphite process for the production of 

chemical pulps is magnesium [50]. Magnesium hydrosulphite solutions are stable at pH up 

to ca. 5 so both the acid sulphite pulping process at pH < 2 (comprising SO2/HSO3
–) and the 
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bisulphite pulping process at pH 3–5 (comprising HSO3
–) can be carried out using this base 

[49,50]. 

Notice should be made that the sulphite pulping process is sensitive to the type of wood 

species used, especially the acid sulphite process. Some woods contain a significant amount 

of extractives, such as resins and polyphenols, which prevent effective delignification due 

to the occurrence of condensation reactions with lignin. For this reason, coniferous woods, 

such as spruce and hemlock, and hardwoods, namely beech, birch and some eucalyptus 

species, with a minimum content of extractives are favoured as raw material for acid sulphite 

pulping [50]. The chemical composition of hardwood LS is rather different from that of 

softwood LS [24,51]; LS from eucalypt wood is of lower molecular weight, less condensed 

and less structurally branched than LS from softwoods.  

Basically, wood pulping consists in the degradation of lignin and subsequent dissolution 

in the cooking liquor allowing the release of the wood fibres. During the acid sulphite 

cooking process, delignification occurs through two types of reactions, sulphonation and 

hydrolysis. The sulphonation reaction allows the incorporation of sulphonic groups in the 

lignin macromolecular structure (Figure 5), especially in the α-position of the side chain of 

the phenylpropane unit (though in the γ-position it is also possible), while the hydrolysis 

reaction breaks the ether bonds between the phenylpropane units in lignin and 

polysaccharides (LCC) [49,50,52–55]. Lignin degradation (and sulphonation) under acidic 

conditions is also accompanied by condensation reactions, which lead to the formation of 

new alkyl-aryl linkages hence, increasing lignin molecular weight as depicted in Figure 6 

[49,54,55].  
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Figure 5. General scheme of the sulphonation reactions of lignin units during acidic sulphite 

pulping [52,53]. 

 

 

Figure 6. Acid-promoted condensation reactions of phenolic and non-phenolic units [49,54]. 

 

The high degree of lignin sulphonation (> 0.3 per phenylpropane unit) is only possible 

under acidic conditions [49] and may vary from 0.3 to 0.8 per phenyl propane unit [51,56]. 

The extensively sulphonated lignin is called lignosulphonate (LS) and is hydrophilic 

exhibiting enhanced water solubility. As mentioned above, lignin sulphonation is strongly 

affected by the acidity of the cooking liquor being more relevant when the pH value 

decreases. The best conditions for the hydrolysis and lignin sulphonation are provided during 

the acid sulphite cooking yielding pulps with low content of residual lignin. However, the 

excessive acidity of the cooking liquor leads to the hydrolytic degradation of polysaccharides 

and to the decrease in pulp yield and mechanical strength. Another problem associated with 

the acid sulphite process is that the impregnation of wood chips under acidic conditions is 
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very limited, making it difficult to diffuse the chemical reactants in the wood 

[49,50,52,53,55]. SSL from acid sulphite pulping of hardwoods, such as eucalypt, is mainly 

composed of water-soluble lignosulphonates (LS), xylo-oligosaccharides (XOS) and 

contains high amounts of pentose sugars and extractives of polyphenolic origin, which limits 

its refining by bioprocessing [51,57–59]. Fairly efficient refining of LS can be done by 

dialysis/ultrafiltration [51,60], fractionation on ion-exchange resins [61], and other 

separation processes, although membrane technology, such as ultrafiltration, has been 

recognized as a viable commercial process for recovering LS from SSL [14,47]. 

 

2.1.2. Lignosulphonates (LS) from sulphite spent liquors (SSL) 

Worldwide, approximately 1 million tons of LS are produced annually [62], most of it 

isolated from SSL. Therefore, LS is the most abundant type of lignin available in the market 

in a large scale representing ca. 88% of the global lignin market [2,27,49,63]. LS market is 

dominated by key companies with strong global presence including Borregaard LignoTech 

(Norway), which is the largest producer of LS worldwide with more than 500 thousand tons 

(on dry basis), followed by Tembec (Rayonier Advanced Materials, Canada), and others 

such as Nippon Paper Industries Co. (Japan), Burgo Group (Italy), Domsjö Fabriker AB 

(Sweden), Xinyingda Chemicals Co. (Wuhan, China) and Xingzhenghe Chemical Co. 

(Shenyang, China) [27,63,64]. In 2018, LS market was valued at 760 million USD and it 

increased up to 790.6 million USD in 2019. Growth in the construction sector due to 

infrastructure development and population increase, rising demand from the animal feed 

business, increase in oil well exploration, and infrastructure development are some factors 

that are expected to boost the progress of the global LS market. Considering these factors, it 

is expected that LS market will spread above 1.03 billion USD by 2027, growing at a CAGR 

of 3.4 % from 2020 to 2027 [64,65].  

The sulfonic acid groups in LS are mainly responsible for some of the unique 

physicochemical properties including the molecular conformation of LS in solution. 

Myrvold [66,67] suggested that the LS molecule is a randomly branched polyelectrolyte that 

coils in solution to form a ball-shaped like molecule with most of the sulphonated groups on 

its surface, as depicted in Figure 7. Supported by experimental data, Myrvold described how 

branched polyelectrolytes are similar to microgels, except when it comes to polyelectrolyte 
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expansion, confirming that LS is not a microgel. Moreover, the author proposed that the 

longest chain in the LS molecule is the backbone, to which side chains are covalently 

attached, and this backbone is less sulphonated than the side chains thus, it is more 

hydrophobic [66].  

 

 

Figure 7. Schematic representation of the molecular conformation of LS in solution according to 

Myrvold [66,67]. 

 

Another important feature of LS in solution is that LS molecules interact with themselves 

forming intermolecular aggregates, depending on the LS concentration and temperature 

[68,69]. It should also be noted that disaggregation of these LS aggregates is a very slow 

process that can last for several weeks but can be speeded up by increasing the pH and/or 

the temperature of the LS solution [68]. Ruwoldt summarized the physicochemical 

properties of lignosulphonates regarding their composition and structure in order to 

understand and outline the behaviour and properties of LS in aqueous solutions, at surfaces 

and interfaces [70]. In aqueous solution, the conformation of LS, the colloidal state, and 

adsorption at surfaces or interfaces can be affected by a variety of parameters, such as pH, 

the concentration of other electrolytes, temperature as well as the presence of organic 

solvents. Additionally, the monolignol composition, the molecular weight distribution, and 

chemical modification may also affect the physicochemical behaviour of LS. LS structure 

comprises ionizable functional groups (mainly sulfonic acid groups, but also carboxylic acid 

groups) as well as hydrophobic groups (including aromatic, residual aliphatic units and also 

some oxygen containing groups). The balance of hydrophilic (ionizable) and hydrophobic 



2. State of the art 

 

 

20 

moieties rules the behaviour of LS in solution and can ultimately be used for fine-tuning LS 

to specific applications [2,31,71–81].  

As illustrated in Figure 8, alongside energy recovery, LS can find a wide variety of 

applications such as binders (adhesive properties), dispersants and emulsifiers (surface-

stabilizing properties) and sequestrants (chelation properties). LS have also been marketed 

for animal feed additives industries as well as for other minor applications such as 

components of coal briquettes, components of linoleum paste, dispersant for dyes and 

pigments, dispersant in oil-drilling mud, metal sequestrant for water treatment for boilers 

and cooling systems, flocculants, among others. In particular, sodium LS are the most 

commercialized LS mainly used as economical plasticizers in concrete admixtures and pellet 

binder in animal feed. Calcium LS are favoured for animal feeds and oil well additives. 

Magnesium LS are mostly employed in animal feed applications owing to their antimicrobial 

and preservative properties as well as substitutes for conventional chloride materials in dust 

control applications [47,48,65]; the other portion of SSL corresponding to XOS can be used 

to produce bioethanol [49,82,83]. LS are also prospective raw materials for the production 

of aromatic aldehydes and flavours [84,85], fine chemicals for pharmaceutics [86], 

flocculants, adsorbents and dispersants in different (waste) water systems [80], precursors 

for textile dyes [87] and synthetic polymers [88,89], including formaldehyde-based 

adhesives [89,90], and conducting composites [91], though these applications have not 

reached large scale production. Most of these applications depend on the good water-

solubility of these technical lignins, which is the reason for world lignin market being largely 

restricted to LS [2]. The valorisation of LS represents an important profit for pulp companies 

and is an opportunity towards biorefinery and circular economy concepts yet, its 

applicability is still quite a challenge.  
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Figure 8. Lignosulphonates consumption in different applications [62]. 

 

2.2. LIGNIN-BASED MATERIALS 

Since the 60’s, various patents [48] related to the use and/or modification of lignin 

including LS for a wide diversity of applications were submitted and since then many others 

emerged. In fact, the huge number of patents related to lignin reflects the commercial 

relevance of lignin-based research and development designed for its use in high-value 

products [48]. Lignin-containing formulations can be used in a wide range of applications 

such as dispersant and concrete additives, batteries and energy storage, flocculants, metal 

adsorbents, dust suppressants, biomedical applications, composites, adhesive binders, resins, 

food packaging, foams, sensor applications [2,31,71,72,74–81,92]. Therefore, numerous 

polymers have been synthesized using lignin including LS (as such or after chemical 

modification) as an additive, a blend component and/or a macromonomer. Technical lignins 

can be used without chemical modification being directly incorporated into a polymeric 

matrix, which, in terms of industrial applications, is particularly attractive due to the 

possibility of reducing production costs and obtaining bio-based products. However, only 

relatively small amounts of lignin (up to 20–30 %) can be incorporated due to the poor 

mechanical properties of the ensuing composites [26,93]. In many cases, the reactivity of 

lignin is lacking due to a reduced amount of reactive sites and limited accessibility, the latter 

being caused by steric hindrance. Hence, it is essential to improve the chemical and structural 

characteristics of lignin. The conversion of lignins into functional bio-based materials can 
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be achieved through two major routes: (i) lignin depolymerization into monomeric fragments 

with reduced molecular weights and high functionality, which in turn can be polymerised 

into new materials (which will be only briefly discussed in Section 2.2.1), and (ii) chemical 

modifications of the macromolecular structure of lignin to afford functional polymers 

without completely losing their primary structure hence, retaining their polymeric properties 

(which will be discussed in Section 2.2.2 with focus on LS modification). 

 

2.2.1. Polymers from lignin-derived chemicals 

Fragmentation or depolymerization of lignin is an important method that yields valuable 

chemical products such as oligomeric products (with high functionality and low molecular 

weights) and small molecules such as phenols and aromatic aldehydes, as for instance 

vanillin. Lignin depolymerization is carried out by thermochemical procedures in the 

presence or absence of some solvents, chemical additives and catalysts; the two main 

procedures being hydrogenolysis and oxidation [74,83–86,94–96]. Hydrogenolysis consists 

of a pyrolysis (thermolysis) procedure performed in the presence of hydrogen in the 

temperature range 300–600 ºC during which the molecular structure of lignin is broken down 

into smaller units yielding liquid fuel and chemicals such as phenols [74,94,95]. Oxidation, 

also known as oxidative cracking, involves the cleavage of the lignin rings, aryl ether bonds, 

or other linkages within the lignin, generating products with increased complexity and 

functionalization (compared to those obtained by the hydrogenolysis process) such as 

phenolic aldehydes (e.g. vanillin) and carboxylic acids [74,83–86].  

The production of chemicals through the depolymerization of lignin implies high 

production costs compared to analogous petroleum-derived chemicals generally resulting in 

low conversion yields. Therefore, vanillin is currently the only commercial monomer 

produced from LS at industrial scale exclusively from the biorefinery facility of Borregaard 

[47,74,84,94,97], which represents 15 % of the total vanillin production [47,97]. Vanillin is 

one of the most important commercial flavours that can also be used for the synthesis of 

several second-generation fine chemicals and several pharmaceutical products [86]. Since 

vanillin can be produced from a sustainable lignin-to-vanillin process, it is considered by 

some researchers as an important renewable building block for the preparation of renewable 

polymers [98]. So, vanillin and its derivatives can be used in the synthesis of biobased 
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monomers that in turn can be applied in the preparation of epoxy polymers, polyesters, and 

polyurethanes, and other polymers [74,98–103]. Nonetheless, the possibility of using lignin 

as a raw material for the synthesis of new products without any additional 

degradation/depolymerization procedure would be energetically positive. Therefore, some 

research efforts have focused on the conversion of technical lignins into functional materials 

without completely losing their primary structure hence, retaining their polymeric features 

[104]. Aiming at producing materials from technical lignins, especially LS, while preserving 

their polymeric structure, the next sections will focus on this route and discuss the major 

conversion procedures according to particular applications highlighting those of interest to 

this project. 

 

2.2.2. Materials from lignin macromonomer 

As aforementioned, lignin (and in particular LS) can be used as a macromonomer bearing 

multiple reactive sites, i.e., as a multifunctional monomer it can react to generate a branched 

copolymer or a crosslinked polymer network depending on the ratio of lignin reactive sites 

to monomer. Additionally, lignin can undergo chemical modifications mostly via its 

phenolic and aliphatic hydroxy groups to generate functional polymers [75,104,105].  

 

2.2.2.1. Plasticizers for concrete formulations 

Concrete consists of a composite material made by mixing cement, aggregates (coarse 

and fine) and water, with or without the incorporation of admixtures [106], which is mainly 

used in building construction. Admixtures are chemicals added at low concentrations (not 

more than 5 % by mass of the cement content of the concrete) to concrete either before or 

during the mixing process affecting the consistence of the concrete mix [107]. Their main 

purpose is to improve the concrete properties such as workability, mechanical performance 

and durability. There are many types of chemical admixtures including (but not only) water 

reducing admixtures (also known as plasticizers, which reduce the quantity of mixing water 

required to produce concrete of a given consistency) and high-range water reducing 

admixtures (also known as superplasticizers), the latter being much more efficient than the 

former. The efficiency of these admixtures is assessed by the reduction of the water content 
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in the concrete mix, which should be higher than 5 wt. % for plasticizers and higher than 12 

wt. % for superplasticizers [107,108]. Currently, there are different types of superplasticizers 

including naphthalene sulfonate formaldehyde polycondensate (NSF) and a last-generation 

and more commonly employed copolymer poly(carboxylate ether) (PCE) (Figure 9a and 

Figure 9b). NSF is mostly a linear anionic polymer whereas PCE consists of an anionic 

backbone comprising carboxylic groups and side chains of polyethers covalently attached to 

the backbone, exhibiting a comb-like architecture (Figure 9c) [107,109]. Studies indicate 

that NSF disperses cement particles and reduces attractive inter-particle forces, such as van 

der Waals forces, via electrostatic repulsion, whereas PCE acts via both electrostatic 

repulsion and steric hindrance between nonadsorbing side chains [110,111]. The most 

efficient superplasticizers are PCEs comprising carboxylate and oligo(ethylene oxide) side 

chains which confer steric hindrance [107,112,113]. 

 

 

Figure 9. Chemical structures of superplasticizers: (a) NSF and (b) example of a PCE; molecular 

architecture of a comb-like PCE superplasticizer (c). 

 

LS are natural polymeric surfactants that contain both hydrophobic groups (such as 

aromatic and aliphatic groups) and hydrophilic groups (such as sulfonic, carboxyl and 

phenolic hydroxyl groups). Therefore, LS can be widely used as concrete water reducers 

[114,115], coal water slurry dispersants [116,117], oil-well dispersants [118] and pesticide 
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dispersing agents [119]. In fact, LS were first introduced as plasticizers and water-reducing 

admixtures to concrete in the 1930s [120] and now 60 to 90 % of LS in different countries 

are used for this purpose resulting in a concrete with good workability, lower water/cement 

ratio and higher compressive strength. However, the plasticizing and water-reducing effects 

of LS are limited. Indeed, even though LS is the most used material for the formulation of 

water-reducing admixtures, it is barely used in the design of high-performance concrete 

[109,121–124]. In this field of application, LS compete with petroleum-based polymeric 

formulations such as PCEs. PCEs are much more efficient than LS giving rise to a concrete 

with superior fluidity or more noticeable water-reduction; however, PCEs are more 

expensive than LS by a factor up to 10. Due to their poor efficiency, LS are usually used 

combined with PCEs in concrete formulations. Yet, some strategies can be used to improve 

LS performance namely: (i) refining to remove low molecular lignin fractions, concomitant 

sugars and extractives [121], (ii) oxidative polymerization in order to increase their 

molecular weight whilst preserving their solubility in water [125–127] or (iii) introducing 

carboxylic/carbonyl groups by oxidation [128].  

The increase of the molecular weight of LS can be achieved by oxidative polymerization 

using laccases (EC 1.10.3.2) [129], which are multi-copper oxidoreductase enzymes widely 

distributed in the nature such as in plants, fungi, bacteria and also insects. Laccases catalyse 

the one-electron oxidation of diverse substrates, namely, phenolics, aromatic amines, 

ascorbate and metal cyanides [130,131]. This class of enzymes is regarded as multi-purpose 

“eco-friendly” biocatalysts with potential applications in different industrial fields such as 

the food industry for food additive and beverage processing [132,133], the textile industry 

for denim finishing and cotton bleaching [133,134], and the pulp and paper industry for the 

delignification of wood fibres [135,136]. However, when used alone, laccases promote 

lignin polymerization with minor structural changes. In fact, laccases oxidize the phenolic 

components of lignin, leading to aliphatic or aromatic C–C bond cleavage and 

depolymerization [137]. Yet, spontaneous polymerization of the quinonoid radical 

intermediates usually occurs rather than depolymerization, thus polymerization through 

laccase treatment prevails, as depicted in Figure 10 [138]. Hence, the oxidation of free 

phenolic end-groups to phenoxy radicals leads to a significant decrease of the phenolic 

content and an increase of LS molecular weight by 5 to 25-fold [125,139]. It is important to 

note that the oxygen supply plays an essential role in the polymerization process [139,140]. 
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Figure 10. Schematic representation of the reactions that lignin units can undergo in the presence 

of laccase, where lignin polymerization prevails over lignin degradation (k1 > k2), R- oxygen-

centred active specie and L is the propane chain derived moiety. 

 

In the presence of mediators, laccases are capable of oxidizing not only phenolic units but 

also non-phenolic units in lignin [141,142] hence, special attention in the choice of mediator 

should be taken based on their efficiency as well as on their reactivity towards phenolic 

subunits in lignin [138,139]. In fact, oxidation of nonphenolic lignin moieties in the presence 

of mediators, such as synthetic mediators 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic 

acid) (ABTS), 1-hydroxy-benzotriazole (HBT) and 2,2,6,6-tetramethyl-1-piperidinyloxy 

(TEMPO) or natural mediators (e.g. vanillin, syringaldehyde and 2,6-dimethoxyphenol) may 

hinder polymerization and induce delignification instead [139,142–145]. Also, 

polyoxometalates (POMs) can be used as laccase mediators in lignin degradation being of 

particular interest for oxygen pulp bleaching [146–149]. The use of eco-friendly natural-

occurring mediators, such as those mentioned above, could contribute to the industrial 

implementation of laccases and be an alternative to synthetic mediators, which are expensive 

and could exhibit toxicity [143]. Also, by controlling the reaction conditions, the use of 

mediators could contribute to enhance the laccase polymerization of lignin. 

Though most of the studies propose the enhancement of the dispersant properties of lignin 

through an enzymatic modification treatment, other routes have also been tested. For 

instance, the oxidation of LS with peroxyacetic acid followed by sulphomethylation gives 

rise to LS with increased molecular weight and content in sulphonic groups, thus improving 

the water reducing properties of the modified LS in the concrete paste compared to 

unmodified LS [150].  
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Another approach reported to improve the dispersant properties of lignin is the 

preparation of lignin-based non-ionic polymeric dispersants (amphiphiles) from organosolv 

and kraft (softwood and hardwood) lignins and LS [151–153]. Lignins were reacted with 

different commercial epoxylated poly(ethylene glycol) (PEG) derivatives namely 

poly(ethylene glycol) diglycidyl ether (PEGDE), its monoglycidyl ether (EPEG), and 

dodecyloxypoly(ethylene glycol) glycidyl ether (DAEO) in alkaline medium. The goal was 

to graft a hydrophilic polymer (PEG derivative) onto the hydrophobic lignin core to increase 

its surfactant properties. The most promising results were obtained using the PEGDE- and 

EPEG-derived amphiphiles from softwood lignin, which displayed enhanced dispersants 

properties compared with the other lignin-based analogues. The best dispersibility results 

were obtained from DAEO-derivatized LS, probably due to the presence of DAEO 

segments, which contribute to the formation of a stable dispersion of cement particles in 

water [153]. Moreover, softwood lignin-based amphiphiles displayed higher cement 

dispersibility than hardwood kraft-based analogues and even LS. Comparing these results, 

the authors attributed the differences to the fact that softwood lignins are mainly build-up by 

G units where phenolic OH groups are more accessible than those from hardwood lignins, 

which contain high content of S units with higher steric hinderance. Therefore, it is possible 

that the modification of hardwood KL was not as efficient as the modification of softwood 

lignin. However, the authors [151] were not able to show evidence of this possibility neither 

did they discuss how nor why such amphiphiles show admirable cement dispersibility 

compared to LS. Furthermore, the chemical modification of lignins with PEG segments in 

alkaline medium has also been reported to yield epoxidized/PEGylated lignins with potential 

application as thickener in bio-lubricant formulation [154] and bio-based surfactants [155]. 

Yet, the discussion on the dispersion mechanisms involved are also limited.  

More recently, the grafting of softwood LS and KL with poly(3-sulfopropyl methacrylate) 

(PSPMA) and poly(methacrylic acid) (PMAA) anionic grafts via ATRP at pH 11 was 

reported (Figure 12) [156]. The workability of cement pastes prepared using these hybrid 

polymers as plasticizers was assessed by the mini-slump testing method1. The results were 

compared with those obtained with PEGylated lignin analogues and a commercial PCE 

superplasticizer. Slump values significantly increased for both cases when using the PMAA-

 
1. Test method used to determine the consistency of the cement paste. The result is the slump value, which is the change 
in height of the cement paste slump (recorded along with the spread). 
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grafted lignins compared to the other dispersants meaning that significant reductions in the 

cement water content were achieved. In particular, the highest slump value was reached with 

PMAA-grafted LS approaching the performance of commercial PCE and suggesting that the 

chemical nature of the grafted chains has a strong effect on the dispersant properties of the 

ensuing material. Adsorption, zeta potential, and intrinsic viscosity were measured for the 

graft lignin analogues in order to examine the correlation between lignin and the chemical 

nature of the grafted chains in the cement dispersion mechanisms. Yet, no straightforward 

conclusions could be drawn due to the complexity of the systems.  

2.2.2.2. Adhesives for biocomposites 

Wood-based composites cover a variety of products, from fibreboards and particleboards 

to laminated beams and plywood, and are used for numerous non-structural and structural 

applications such as panels for interior, furniture, support structures in buildings, and others. 

Elements used in the production of wood-based composites include fibres, particles, flakes, 

veneers, laminates, or lumber [157,158]. In most conventional wood-based composites, 

adhesive bonding is achieved by non-renewable petroleum-derived thermosetting synthetic 

resins including phenol-formaldehyde (PF), urea-formaldehyde (UF), melamine-

formaldehyde (MF), and polymeric 4,4-diphenylmethane diisocyanate (pMDI). Certain 

chemicals are also added to plasticize adhesive polymers, enhance tackiness, improve heat 

resistance, or lower costs [158–160]. The use of bio-based adhesives in wood and fibre 

composites has attracted scientific and economic interests for several decades, not only due 

to the decline of the petrochemical supplies but also due to the public awareness related to 

the environment and its protection as well as governmental regulations [160–164]. Extensive 

research has been carried out in order to use technical lignins, including KL, OL as well as 

LS, as adhesives or as a partial replacement in adhesives formulations, and as raw material 

for synthetic resins [47,75,164–167]. Yet, the next examples will mostly focus on the use of 

LS in adhesive formulations, which are the focus of this thesis. 

 

Phenolic resins. Wood-based panels containing thermosetting adhesives, such as phenol 

formaldehyde (PF) resins, may release phenol and formaldehyde, which are classified as 

toxic chemicals and have negative health effects on humans [162,163]. Therefore, numerous 

works have focused on finding methods to reduce and if possible, eliminate the release of 
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free phenol and/or formaldehyde from wood-based panels. Lignins are phenolic-like 

polymers and theoretically could be used alone as a binder for the production of composite 

wood panels. However, there are essentially two drawbacks in using lignin alone as binders. 

First, the chemical and structural features of lignins is vary variable depending on the source 

and production method. Second, lignins exhibit reduced reactivity as wood binders toward 

formaldehyde (due to its high molecular weight and steric hinderance) compared to 

conventional resin systems such as PF resins requiring longer press curing times 

[161,168,169]. Henceforth, in order to achieve efficient crosslinking by condensation 

reactions in lignin, during the composite board pressing process, high heating temperatures 

and long pressing times are necessary leading to several problems such as corrosion due to 

the acidity, high energy costs, among others. Yet, lignins, including LS, can be used as such 

or chemically modified as partial replacement (below 50 wt. %) of phenol in the synthesis 

of lignin-based PF resins without detrimental effects on the mechanical properties of the 

final wood panels [170,171]. 

Usually, chemical modification of lignins to improve their reactivity is necessary and 

include hydroxymethylation (also known as methylolation), demethylation, phenolation, 

sulphonation, hydrolytic depolymerization, and reductive depolymerization 

[75,165,169,172]. Due to the complex mixture from which lignins are obtained, purification 

prior to chemical modification into adhesives and other polymeric formulations is a critical 

step since undesirable side-products can be formed and interfere with the expected properties 

and applications [83,89–91,173].  

Several works investigated the hydroxymethylation of different technical lignins, such as 

LS, KL and OL from hardwood, softwood and even from non-wood sources (namely 

sugarcane bagasse and wheat straw) [174–178]. All hydroxymethylation reactions were 

carried out in alkaline medium, different initial formaldehyde/lignin weight ratios, 

temperatures and even pH were tested (some taking into account the undesirable Cannizzaro 

reaction). Detailed physicochemical characterization of the ensuing modified/activated 

lignins have established that all lignins can be used as partial replacement of phenol in 

phenolic resin though LS-based resins were the most promising candidates for paper 

impregnation applications due to their water solubility [174–177]. Furthermore, by replacing 

35 wt. % of phenol by hydroxymethylolated LS, the ensuing lignin-PF resin displayed 
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analogous features to that of the commercial PF resol resin fulfilling the prerequisite 

specifications for its utilization in the plywood production [178]. 

Other chemical modifications were also applied to improve the reactivity of LS namely 

alkaline hydrolysis [90] and phenolation [179]; both methodologies increase the number of 

active sites, such as phenolic OH moieties and aromatic protons yielding LS products with 

enhanced reactivity towards formaldehyde. While during the hydrolysis reaction (in alkaline 

or acidic medium), reactive degradation products are formed [90], in the phenolation 

reaction, lignin is treated with phenol under acidic conditions, leading to the condensation 

of phenol with lignin side chains [179].  

Since formaldehyde is toxic, carcinogenic and suspected to be mutagenic [180,181], its 

substitution by a potentially sustainable and less toxic alternative could consequently 

eliminate possible formaldehyde emissions during the production and the use of phenolic 

resins. To overcome this problem, glyoxal, which is the simplest dialdehyde (typically 

supplied as an aqueous 40 wt. % solution) and displays low toxicity and low volatility [182], 

has been considered a promising alternative to formaldehyde in PF resins [183–191]. The 

reaction of lignin with glyoxal, also known as glyoxalation of lignin, is an alternative to the 

conventional methylolation. El Mansouri and co-workers [183,184] were the first to report 

the use of glyoxal instead of formaldehyde for the synthesis of lignin-based wood adhesives. 

During glyoxalation, similar reactions occur as during methylolation, though other reactions 

also occur, such as lignin depolymerization and repolymerization as well as condensation 

reactions between lignin and glyoxal [192,193]. Glyoxalated lignins, including LS, can give 

rise to safer adhesives (compared to formaldehyde-based ones) displaying satisfactory 

properties according to relevant international standard specifications and yield panels with 

press times comparable to those built-up of formaldehyde-based commercial adhesives 

[183–185,189].  

 

Polyurethanes. Polyurethanes (PUs) are versatile designer polymers that display varied 

properties being adjustable to a wide range of applications namely foams, elastomers, paints 

and coatings, adhesives, and even in medical applications [194–197]. Typically, PUs are 

prepared through the addition of isocyanates (comprising more than one reactive isocyanate 

group per molecule) and polyols (containing two or more reactive OH groups per molecule) 
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yielding polyurethane linkages in the polymer backbone [194–197]. Alternatively, PUs may 

also be obtained by reacting diisocyanates with diamines. Since diisocyanates have raised 

severe health hazard concerns [198,199], the synthesis of non-isocyanate PUs (NIPUs) has 

recently gained an increasing interest in chemical industry, the most promising method being 

the synthesis of poly(hydroxyurethane)s (PHUs) based on the reaction between multicyclic 

carbonates and aliphatic amines [200–203]. Yet, this route still needs major developments 

before reaching industrial scale. 

Technical lignins, including LS, can function as macropolyols in PU synthesis due to the 

high amount of phenolic and aliphatic hydroxyl moieties in their structure [78,204–208]. 

The direct exploitation of technical lignins, as polyols or blending with industrial polyols, is 

energetically and environmentally advantageous [74] and the ensuing biomass-based PUs 

are more biodegradable than those derived from petroleum-based polyols [209]. Hence, 

lignins can be used as such or after chemical modification to get a more reactive lignin, via 

hydroxyalkylation, esterification, etherification reactions, and depolymerization processes, 

alone or in combination with other polyols [204–208,210–212]. Both aliphatic and phenolic 

OH groups in lignin are reactive so lignins with high OH content, for instance, OLs, can be 

used as macromonomers without further chemical modification [211,212]. Additionally, 

considering that the aromatic structure of technical lignins is extremely dependent on the 

plant source from which it is extracted, the final properties of the lignin-based PUs depend 

highly on the lignin’s plant source [213]. The low reactivity of the lignin macromonomer 

towards isocyanate groups is usually related to the fact that only a certain portion of the total 

OH groups can directly react (probably due to steric hindrance from the highly branched 

three-dimensional structure of lignin) yielding products without desirable performance 

[213–215]. Therefore, the content of the unmodified lignin in the ensuing PU is generally 

below 15–30 wt. % in order to reach an acceptable performance [206]. Although chemical 

modification of lignins improves the reactivity of lignin, this type of pre-treatments may 

increase the cost as well as the environmental impact of the ensuing PUs, and thus reduce 

their competitive advantage over conventional PU systems based on petroleum-derived 

polyols [216].  

The use of other polyols as soft segments, such as PEG and poly(propylene glycol) (PPG) 

[207,217–219], or even bio-based polyols, such as castor oil [218,220–223], crude glycerol 

[220] and poly(ε-caprolactone) (PCL) [224] in lignin-based PU synthesis can counterbalance 



2. State of the art 

 

 

32 

the stiff character of the lignin macromolecules yielding grafted and cross-linked PUs with 

the possibility of controlling the flexibility and/or rigidity. For instance, Zhang and co-

workers [223] prepared a series of castor oil-based waterborne PU composites with different 

amounts of LS, which was used as functional filler. The results showed that the increase of 

LS content up to 10 wt. % yielded composite films with increased mechanical strength but 

lower elongation at break compared to PU films without LS probably due to increasing 

physical crosslinking together with the rigid characteristic of LS. De Oliveira and co-workers 

[208] also used castor oil in LS-based PU formulations to adjust their final properties. 

As already mentioned, the reactivity of technical lignins towards isocyanate can be 

enhanced by chemical modification, which may also increase lignin’s solubility in polyol 

systems, decrease brittleness of lignin-based PU materials, and improve lignin’s 

processability [74,76]. Lignin hydroxyalkylation, in particular oxypropylation in alkaline 

medium, has been widely studied to improve the reactivity of lignins to produce 

homogeneous PU networks [97,207–209,212,225–230]. The oxypropylated lignin 

corresponds to a branched copolymer with lignin as the core unit and flexible grafted 

propylene oxide (PO) chains. These PO chains counterbalance the lignin stiffness 

significantly lowering the Tg (ca. 50–100 ºC) of the ensuing oxypropylated lignin [212,226], 

their length depending mostly on the stoichiometry and the amount of catalyst used 

[228,231]. De Oliveira and co-workers [208] investigated the impact of using LS, 

oxypropylated LS and the addition of castor oil (aforementioned in this section) in PU 

formulations. Results indicated that the final properties of the LS-based PUs could be 

adjusted by using oxypropylated LS or by combining castor oil with LS (unmodified LS or 

oxypropylated LS), which enables the production of materials with tuneable properties. 

PO is a commodity chemical used as a starting material for a broad range of products; 

however, its handling involves huge risks due to its high vapour pressure, flammability, 

toxicity, and carcinogenicity [232]. On this point, five-membered cyclic organic carbonates, 

such as propylene carbonate (PC) and ethylene carbonate (EC), are considered attractive and 

promising alternatives to PO due to their biodegradability, high solvency, high boiling and 

flash points, low evaporation rates, low (eco)toxicity, and they are available in large amounts 

and at low prices [233,234]. They are used as solvents in nearly every field of chemistry as 

well as environmentally friendly building blocks in synthesis. Mimini and co-workers [235] 

successfully modified LS with bio-based glycerol carbonate and the ensuing LS-based 
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product was reacted with 1,6-hexamethylenediamine (HMDA), instead of a isocyanate, to 

form a NIPU material. Furthermore, in this study, vanillin alcohol (VA) was employed as a 

simple lignin model compound and was reacted with glycerol carbonate for mechanistic 

studies. Chemical and structural characterization (using FTIR, 1D- and 2D NMR) of the 

resulting VA-based product proved that the etherification occurred only at the benzylic 

position and that the phenolic OH group was only acetylated [235]. 

Hemmilä and co-workers [236] synthesised LS-based adhesives and evaluated the effect 

on using two different crosslinkers, bio-based furfuryl alcohol (FOH) and synthetic pMDI. 

All adhesives were prepared with unmodified LS and used for gluing 2-layered veneer 

samples and particleboards. LS-pMDI-based adhesive cured at the lowest temperature (107 

ºC from DSC analysis) along with the formation of urethane linkages between LS and pMDI 

(confirmed by FTIR analysis). The mechanical properties of the particleboards produced 

using LS-FOH-based adhesive (internal bond of 0.17 N·mm–2) were inferior to those 

produced using LS-pMDI-based adhesive (internal bond: 0.62 N·mm–2). A similar trend was 

observed with the thickness swelling test. Although particleboard properties were worse for 

the LS-FOH-based samples, the tensile shear strengths of both LS-based adhesive types were 

at the same level as the melamine-urea-formaldehyde reference. It was suggested that the 

lower performance of LS-FOH-based adhesive could probably be due to the shorter pre-

polymerization time and low FOH and total glue amount. 

The production of lignin-based PUs membranes through the co-polymerization of 

different technical lignins, namely KL, LS and OL, with TDI-terminated poly(propylene 

glycol) has been reported [91,237–239]. The main goal for the preparation of this materials 

was to use them as support for ion-selective membranes potentiometric chemical sensors. 

To enhance the electrical conductivity of the lignin-based PU membranes, conductive carbon 

fillers, such as carbon nanotubes (CNTs) were added as fillers to yield a conducting PU 

based composite. The use of lignins in the preparation of composites will be discussed ahead 

in Section 2.2.2.3. 

Besides using LS in PU films and adhesive formulations, some research works have also 

reported the preparation of LS-based PU foams (PUFs). Wysocka and co-workers [240] used 

LS and hydrolysed LS as the polyol components in PU foam formulations. Surprisingly, 

although hydrolysis is known to increase lignin’s reactivity (as aforementioned), in this study 



2. State of the art 

 

 

34 

the use of unmodified LS yielded PUFs with improved thermal and mechanical properties 

compared to those from hydrolysed LS-based PUFs. However, the authors did not provide 

further explanation for this occurrence. Muller and co-workers [241,242] reported the 

preparation of bio-based polyols from the liquefaction of KL, OL and LS in crude glycerol, 

which were employed to prepare rigid PUFs. The bio-based contents of the PUFs were 44 

wt. % for KL-, 55 wt. % for OL- and 32 wt. % for LS-based polyol. The mechanical and 

thermal properties of the bio-based PUFs were comparable to those from commercial 

products but were different depending on the type of technical lignin with KL clearly 

yielding foams with superior qualities. Based on Hatakeyama‘s work [243], Lu and co-

workers [244,245] investigated LS as partial substitute of diethylene glycol (DEG) and the 

resulting polyol was copolymerized with isocyanate to produce LS-based rigid PUFs. LS 

increased the thermal stability of LS-based PUFs and the best thermal stability was obtained 

for PUFs containing 15 wt. % of LS (based on DEG). Furthermore, it was also shown that 

LS could improve the flame retardancy of the ensuing PUFs. Though these examples are not 

directly related to adhesives, the fact that PU properties are easily tuneable makes this class 

of materials too important to not be referred. 

 

Polyesters. Polyesters are polymeric materials comprising ester linkages widely used in 

our daily life ranging from bottles for carbonated soft drinks and water, to fibres for shirts, 

among others. Polyesters can be produced by three main different methods, namely, ring 

opening reactions with cyclic esters, condensation polymerization using carboxylic acid 

chloride, and dehydration polymerization with dicarboxylic acids [74,104]. Wang and co-

workers [246,247] investigated the modification of LS with maleic anhydride in alkaline 

medium, which yielded esterified, i.e., maleated LS (MLS) with increased content of 

carboxyl groups and double bonds. MLS was then blended with PCL via melt blending to 

obtain MLS/PCL composites, whose thermal stability and mechanical properties were 

compared with those of unmodified LS/PCL composites. The tensile strength and Young’s 

modulus values of the MLS/PCL composites increased significantly (1.7- and 1.1-fold, 

respectively) compared to those of the LS/PCL composites when the content reached 50 %, 

probably due to the stronger adhesion between MLS particles and PCL phase. On the 

contrary, the elongation at break of both types of composites decreased drastically due to the 

brittleness of LS and the thermal stability of the MLS/PCL composites was worse than that 
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of the LS/PCL composites. Xu and co-workers [248] modified LS with methacrylic 

anhydride and evaluated the possibility of using the ensuing methacrylated LS to enhance 

the adhesion within flax fibre reinforced soybean-derived polyester thermosets. When 

soaking the flax fibres in 5 wt. % methacrylated LS solution, both tensile and flexural 

properties of the fibre composites improved significantly (from 2.6 to 6.7 GPa and from 36 

MPa to 76.8 MPa, respectively).  

 

Epoxy resins. Epoxy resins are a relevant class of high-performance thermosetting 

polymers that are widely used as composite matrices, protective coatings, adhesives, 

sealants, among other applications [249]. Epoxy resins are low molecular weight pre-

polymers (monomers and/or oligomers) containing at least two reactive epoxy groups that, 

in the presence of curing agents and under optimal curing and processing conditions, form a 

stable highly crosslinked 3D network macromolecule [249–251]. One of the most common 

types of epoxy resin is made of diglycidyl ether bisphenol A (DGEBA), which accounts for 

around 90 % of the world production of epoxy resins and is produced from the reaction 

between bisphenol A (BPA) and epichlorohydrin (ECH) [249,252]. Due to harmful effects 

to human health and the environment caused by exposure to BPA [253,254], serious efforts 

have been made to reduce the consumption of (or even replace) DGEBA and BPA. 

Therefore, much research has focused on the production of epoxy resins using natural 

resources, such as vegetable oils, tannins, lignin and others. The incorporation methods of 

lignin in the production of epoxy resins can be classified into three categories: (i) physical 

blending of lignin and epoxy resin, (ii) pre-modification of lignin before epoxidation, and 

(iii) direct epoxidation of lignin [251,255]. While simply blending lignin can only allow the 

substitution of a small percentage (<20–30 wt. %) of epoxy resins, the other two approaches 

make it possible to achieve a high substitution proportion up to complete substitution of 

petroleum-based materials by lignin [251,255]. Ismail and co-workers [256] developed 

adhesives through the esterification of succinic anhydride, ethylene glycol and LS to prepare 

a prepolymer to which glycerol diglycidyl or ethylene glycol diglycidyl ether were 

subsequently added to crosslink the structure. Yamini and co-workers [257,258] adopted a 

three-step modification strategy, which included methylolation, followed by epoxidation and 

finally by carbonation (i.e., CO2 fixation), to convert LS into a final product as a 

cyclocarbonated LS, a reactive filler for epoxy matrix composites. The ensuing LS-based 
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reactive product was then blended with DGEBA epoxy resin followed by amine-curing 

(using diethylenetriamine) to produce biocomposites. Comparing with the neat DGEBA 

network, by increasing the content of cyclocarbonated LS up to 30 wt. % in the 

biocomposite, tensile strength decreased, flexural modulus was well-preserved, and the 

Young's and storage modulus were greatly improved, probably due to the stiffening effect 

of the modified LS particles as well as the formation of urethane bonds (from the opening 

of the cyclocarbonated ring) and intermolecular interactions such as hydrogen bonding. Yet, 

the most promising biocomposites contained 20 wt. % of cyclocarbonated LS displaying the 

following properties: decomposition temperature (at a 5 % weight loss) 321 °C, storage 

modulus 2.84 GPa, Young's modulus 2.07 GPa, elongation at break 39.1%, flexural modulus 

2.56 GPa, and flexural strength 49.7 MPa. Though no application was tested, the possibility 

of tuning these products’ characteristics could allow their use as adhesives. 

 

2.2.2.3. Other lignin-based polymers 

Reversible deactivation radical polymerization techniques (RDRP) commonly referred to 

as controlled polymerization methods have been employed as versatile procedures to 

produce well-defined polymers with controlled molecular weight, narrow molecular weight 

distribution and site-specific functionality. These processes enable control of polymer 

compositions, architectures, and functionalities, hence allowing the development of novel 

materials with tailored physical and chemical properties, as is the case of atom transfer 

radical polymerization (ATRP) [259,260] and reversible addition-fragmentation chain 

transfer (RAFT) [261]. Graft copolymers usually consist of a backbone polymer as the main 

chain and randomly distributed side chains with a different composition (or more than one) 

connected to the backbone via covalent bonds. Consequently, the graft copolymers display 

tuneable properties defined by the functional groups on the grafted polymers, length of the 

graft, and grafting density. 

The graft copolymerization of lignin combines the advantages of the physical and 

chemical properties of both lignin and synthetic polymers leading to the successful synthesis 

of lignin-based polymers. In this case, lignin acts as the backbone polymer (or core unit). 

Numerous polymerizations methodologies have been employed including ATRP, RAFT, 

ring-opening polymerization (ROP), and radical polymerization. There are mostly two 



2. State of the art 

 

 

37 

different grafting strategies: the “grafting from” and the “grafting to”, as illustrated in Figure 

11. In the “grafting from” process, polymers are grown from the lignin. Hydroxyl functional 

groups in lignin work as initiating sites in ROP methods, while, in the case of ATRP and 

RAFT procedures, lignin is first modified (mostly from the OH groups on lignin) giving rise 

to a lignin macroinitiator in the case of ATRP and lignin macro transfer agent in the case of 

RAFT. In the “grafting to” procedure, polymers (the side chains) are previously and 

separately synthesized followed by functionalization at one end, and only then are covalently 

grafted to the lignin through its functional groups. [102,262].  

 

 

Figure 11. Synthesis of lignin-based copolymers via “grafting from” (top figure) and “grafting 

onto” (bottom figure) methods (adapted from [102,105,262]). 

 

Recently, the controlled graft copolymerization of lignin to produce novel value-added 

lignin-based polymeric materials has been thoroughly reviewed [102,262]. ATRP is the most 

common controlled radical polymerization process for the graft polymerization of lignin. 

This is mostly due to its simplicity and broad applicability, and the possibility to synthesize 

macromolecules with controlled molecular weight, topology, composition and functionality, 

therefore opening up routes to new materials for a wide range of applications [259,260]. The 
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ensuing lignin-based polymeric materials comprise strong and stable covalent bonds 

between lignin and synthetic polymers. These hybrid materials exhibit enhanced properties 

such as better miscibility, compatibility, and reproducibility compared with lignin-polymer 

blend products (without covalent bonds). However, even though numerous reports have 

emerged describing remarkable achievements in this field and various companies have 

already introduced products based on controlled/living radical polymerization into many 

high value markets [263], much work regarding this type of approach is still required 

especially with LS since no relevant bibliography was found. 

 

2.2.2.4. Lignin-based conducting composites 

A composite material can be defined as a material structure that combines at least two 

macroscopically identifiable materials working together to achieve optimum (or notably 

enhanced) material characteristics [264]. Composite materials are present in our daily life in 

a wide variety of products that are used in construction, military and medical applications, 

oil and gas, transportation, sports, aerospace, and many more. 

Conducting polymeric composites (CPCs) are an important class of organic 

multifunctional materials, which exhibit unique physical and electrical properties. The 

possibility of fine-tuning their optical and conducting properties makes them promising 

candidates for a wide range of applications including the fields of energy, electronics, 

catalysis, electromagnetic interference shielding, biomedicine and sensors [265,266]. In 

general, CPCs are made of a polymeric backbone comprising highly π-conjugated sp2 

hybridized chains, which are responsible for the occurrence of charge delocalization within 

their structure. These polymers usually exhibit low conductivity (~10–10‒10–5 S·cm–1) in 

their pure state, nonetheless this property can be significantly enhanced to ~1‒104 S·cm–1 by 

suitable doping with other species such as metal or metal oxide nanoparticles, metal-organic 

frameworks (MOFs), carbon-based nanomaterials, and others [265–267]. Carbon-based 

materials, such as CNTs, graphene, carbon dots, and porous carbon, have attracted scientific 

interest worldwide since these nanofillers exhibit enhanced conductivity, high chemical 

stability, mechanical strength, and large surface area. Therefore, numerous studies have been 

focused on the preparation of CPCs using these carbon-based materials as nanofillers in 

order to improve their electrical and mechanical properties but also allowing the production 
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of small, light-weight and cost-effective composites for a variety of application fields 

including electronics, energy, automotive and aerospace industries and sensors [265,267–

269].  

Considering its special structural features, lignin is a potential material towards the 

production of intrinsically conducting polymers-based composites. In fact, new lignin-based 

bulk-sensing polymeric membranes have been developed through covalent immobilization 

of the lignin inside a polymer matrix. In particular, the production of lignin-based PUs 

membranes as mentioned above has been reported [91,237–239]. The lignin-based PUs were 

doped with MWCNTs to increase their electrical conductivity and produce CPCs with 

prospective application as ion-selective membranes for potentiometric chemical sensors 

[237,239]. In fact, the lignin-based PUs exhibited relatively low Tg combined with 

sufficiently high electrical conductivity and so were used in the fabrication of self-

plasticizing sensing materials. The ensuing lignin-based sensors displayed a very low or no 

sensitivity to all alkali, alkali-earth and most transition metal cations ions. At the same time, 

the sensor properties were strongly dependent of the lignin origin. Indeed, some 

concomitants of poly-phenolic origin in KL changed radically the sensitivity and selectivity 

to Cu(II) [239]. Potentiometric sensors highly sensitive to Cr (VI) at pH 2 were obtained 

with LS and in less extent with OL [237]. 

Chen and co-workers [270] developed a humidity sensor based on a multi-layered thin-

film comprising LS (as moisture sensing) and reduced graphene oxide (rGO) (as resistant 

transduction layer). The rGO/LS thin-film sensor exhibits a maximum response nearly four 

orders of magnitude higher than that of pure rGO thin-film and is flexible, low cost, simple 

designed, portable and suitable for large-scale manufacturing  

Besides sensing applications, CPCs are also relevant for energy storage, such as solar 

cells [271,272]. Over the last few years, research related to the exploitation of lignin towards 

the development of energy storage devices based on lignin or lignin blends with organic and 

inorganic compounds has significantly increased [12,273,274]. Nevertheless, despite of the 

potential of lignin as a green multipurpose raw material for the energy storage field has been 

established, most of the studies focus on the development of carbonization-based lignin 

conversion into versatile carbon products [12,273,274]. Therefore, much research on 

supercapacitors, batteries, and solar and fuel cells based on lignin-based CPCs is still needed.  
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2.3. FINAL REMARKS 

The rising awareness of climate change and scarcity of fossil resources has drawn 

attention to the relevance of the biorefinery concept worldwide and as a result of this to the 

potential of renewable materials. Yet, it is imperative to monitor, evaluate and forecast the 

use of bio-based materials such as lignin in order to ensure that the bioeconomy sector 

operates within safe ecological limits. Overall, technical lignins can be functionalized and 

directed to various applications as dispersants, adhesives, plastics, resins, conducting 

polymeric composites, among many others. In particular, the examples aforementioned 

confirmed that LS, which is much less studied than other lignins, such as KL and OL, can 

be used in other applications than concrete formulations, namely for adhesives (most 

examples focused on phenolic resins and polyurethanes) and for sensing applications. Since 

most of the current industrial applications depend on the good water-solubility of technical 

lignins, world lignin market is largely restricted to LS, therefore their marketing and 

consequent profit is guaranteed. On the contrary, the massive abundance of KL, which is not 

soluble in water, makes this type of lignin the main focus of a vast number of research works 

targeting the synthesis of KL-derivatives for a wide range of applications. However, the 

production costs of lignin-based materials depend not only on the type of lignin used (and 

its pre-treatment/purification) but also on the functionalization method towards the 

application. Moreover, the quality of the lignin-based materials must be the same, or higher 

than the commercial products. This requirement, in particular, is quite difficult due to the 

lack of a unique and well-defined lignin structure with specific features and functionalities. 

Hence, it is a challenge to produce value-added lignin-based products with consistent 

properties. Even though in the last years many research studies were carried out, further 

investigation is still needed thus, efforts must concentrate on the materials quality (of the 

lignin and end-products) and production costs before lignin-based materials can replace 

commercial products. Towards that end, critical considerations must be addressed: (i) the 

chemical and structural features of technical lignins must be fully evaluated, and (ii) the 

synthesis route chosen for the development of new products should be highly selective and 

cost efficient leading to lignin-based materials that could compete with the analogous 

commercial products in terms of chemical, physical and mechanical properties. As a 

consequence, a question arises: “Do alternative lignin-based products offer in reality genuine 

environmental and cost benefits compared to their fossil corresponding products?” For this 
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purpose, analytical tools such as life cycle assessment (LCA) should be used to evaluate the 

potential environmental impacts of this bioeconomy sector [275,276]. Indeed, very recently, 

LCA studies have been conducted investigating the use of lignin for the production of 

chemicals and products, namely regarding the sustainable production of lignin-based 

resins/adhesives for wood composites [277–280], vanillin [281], adipic acid [282], catechol 

[283], PU foams [284], among others. However, assessing the environmental impacts of 

lignin and lignin-based products with LCA can be very challenging since multiple life cycle 

modelling choices have to be defined. More recently, Moretti and co-workers [285] 

published a critical review based on forty-two peer-reviewed LCAs regarding lignin and 

derived products. The authors reviewed choices made to conduct each LCA study such as 

(but not only) the product system investigated, the modelling approach and the type of data 

used, the methods to deal with co-products (i.e., the multifunctionality of lignin), the 

environmental impact, etc. These studies demonstrated that LCA is an efficient tool to 

optimize the studied lignin-based process and improve its sustainability. Some studies 

identified the key parameters to achieve this goal. The main impact categories considered in 

most studies is climate change and the comparison between lignin-based products and their 

fossil-based counterparts. Furthermore, most of the LCA studies showed that lignin-based 

processes demonstrate better environmental performance compared to the conventional 

fossil-based process. Moreover, one of the findings of the review is that the impact of lignin 

and lignin-based products depends significantly on the type of energy source that is used to 

replace the burning of lignin in biorefineries and paper mills [285].  

Yet, despite of all these promising reports, it is still necessary to assess other crucial 

factors such as feasible production processes and life cycle costs. For instance, Lettner and 

co-workers [286] studied specific barriers and incentives regarding technological, economic 

and environmental aspects of two lignin-based products: the use of KL in PF resins for wood-

based panels and the use of KL in PU resins for PU foams. These authors identified multiple 

barriers related with uncertainties concerning techno-commercial interactions that may 

hinder long-term industrial planning, such as consistency and (in)constant quality of the 

lignin that may affect its reactivity (and so the final product quality) and the varying price 

and costs of lignin (depending on the type of lignin, pre-treatment may vary thus counting 

up additional costs).  
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3.1. MATERIALS 

Industrial thin and thick (after multi-effect evaporation stage) sulphite spent liquor (SSL 

and THSL, respectively) from the magnesium-based acidic sulphite pulping of Eucalyptus 

globulus for the production of dissolving pulp were supplied by Caima - Indústria de 

Celulose S.A. (Constância, Portugal) – Figure 4. Lignosulphonates from SSL and THSL, 

hereafter designated as LSF and LSG, respectively, were purified by dialysis against distilled 

water for 24 hours (with water exchange intervals of 3 hours, except overnight) using a 

partially benzoylated cellulose membrane of 2000 NMWCO (Sigma-Aldrich, Madrid, 

Spain), followed by freeze-drying (Figure 12) [24]. SSL, THSL and purified LS (LSF and 

LSG) were analysed in terms of their basic chemical composition and structural information 

of the main components according to previously developed methodologies [24,51].  

 

 

Figure 12. Scheme representative of the preparation methodology of the lignosulphonates-rich 

fractions LSG and LSF (including the lyophilized SSL denoted as SSLlyo), obtained from thick 

(THSL) and thin (SSL) liquors, respectively. 

 

Laccase Novozym® 51003 (from Aspergillus oryzea) was kindly supplied by Novozymes 

(Bagsvaerd, Denmark) and was used in all experiments without further purification.  

2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DDMAT), poly(ethylene 

glycol) diglycidylether (PEGDE, �̅�n ~500 g·mol–1), poly(propylene glycol) diglycidyl ether 

(PPGDE, �̅�n ~380 g‧mol–1), poly(propylene glycol)-toluene diisocyanate copolymer 
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(PPGDI, �̅�n ~2300 g‧mol–1, DP ~34, isocyanate content ~3.6 wt. %), and dibutyltin dilaurate 

(DBTDL), were purchased from Sigma-Aldrich (Madrid, Spain) and used without any 

further purification. Glyoxal solution (40 wt. % in H2O) and PEG with average Mw 200 

(PEG200) were supplied by Acros (Lisbon, Portugal). All solvents and other reagents, 

namely, 2-Amino-2-(hydroxymethyl)-1,3-propanediol (Tris), potassium dichromate, 

chromium(III) chloride hexahydrate, zinc(II) chloride, lead(II) nitrate, ammonia, sodium 

nitrate, cadmium(II) nitrate, copper(II) chloride, silver(I) nitrate, mercury(II) chloride, 

potassium ferricyanide(III) and potassium ferrocyanide(II) were of analytical grade and were 

purchased from either Acros (Lisbon, Portugal) or Sigma-Aldrich (Madrid, Spain). All 

solvents for SEC analysis were HPLC grade. 

A 0.1 M aqueous solution of [SiW11MnIII(H2O)O39]
5– (hereafter designated as SiW11Mn) 

was prepared from its potassium salt, which was previously synthesized according to 

published methodology [287]. 

Two superplasticizers, NFS and PCE, were kindly supplied by Sika company (Ovar, 

Portugal). Portland cement type II A-L 42.5R [288,289] from Cimpor company (Souzelas, 

Portugal) was used to prepare the cement pastes at Sika company. 

Multi-wall carbon nanotubes (MWCNTs) Nanocyl-3150 (purity > 95 %, length 1–5 μm 

and diameter 5–19 nm) were supplied from Nanocyl, S.A. (Sambreville, Belgium). 

Graphene oxide (GO, apparent density 0.2–0.4 g‧cm–3) and reduced graphene oxide (rGO, 

apparent density 0.06-0.09 g‧cm–3, electrical conductivity ≈ 667 S·m–1) were supplied by 

Graphenea (San Sebastián, Spain). Graphite (Gr) was supplied by Graphite Technologies 

Lda (Oliveira de Azeméis, Portugal). 

Polyaniline (PANI)-modified screen-printed electrodes (SPE) with carbon working and 

auxiliary electrodes and silver reference electrode were supplied by Metrohm DropSens 

(Oviedo, Spain). All solutions for the potentiometric measurements were prepared using 

ultrapure water (18 mΩ‧cm–1). 

Oligomeric isocyanate 4,4’-methylene diphenyl diisocyanate (pMDI) (Voranate M229) 

with 31.1% of NCO, a functionality of 2.7, a viscosity of 190 mPa·s (at 25 °C) and an 

isocyanate equivalent of 135 (values provided by the supplier) was kindly supplied by Dow 

Chemicals (Estarreja, Portugal). Commercial polyvinyl acetate (PVA) glue (white glue) was 

purchased in the local market. 
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For each analysis, three to five repeated measurements were performed and the results 

correspond to the mean value ± the standard deviation. 

 

3.2. METHODS 

3.2.1. Chacterization of SSL and purified LS (Chapter 4) 

Ash content.  

Ash content in SSL and purified LS was determined gravimetrically by calcination at 525 

± 25 ºC according to Tappi standard T 211 om-12. 

 

Neutral sugars analysis.  

Sugars analysis as alditol acetate derivatives was carried out using gas chromatography 

with flame-ionization detection (GC-FID) after Saeman hydrolysis [290]. The methodology 

was as follow: acid hydrolysis of polysaccharides present in the lignosulphonates samples 

was carried out by treatment of 50 mg of lignosulphonates (in the case of liquors around 300 

mg of SSL or 100 mg for THSL) with 4.8 mL of 6 % H2SO4 for 2,5 hours at 100 ºC. 

Afterwards, the hydrolyzate was cooled and 200 μL of 2-deoxyglucose as internal standard 

(10 mg‧mL–1 solution) was added. Then 1 mL of the mixture was neutralized with 200 μL 

of 25 % NH3 solution followed by the reduction of the monosaccharides to alditols by adding 

100 μL of 3 M NH3 solution containing 150 mg‧mL–1 of NaBH4. After 1 hour at 30 ºC, 50 

μL of acetic acid was added twice. Next, the alditols were acetylated by adding to 300 μL of 

the above solution 450 μL of 1-methylimidazole and 3 mL of acetic anhydride. The solution 

was maintained at 30 ºC for 30 minutes. The alditol acetates were extracted with 

dichloromethane and the organic phase was washed with distilled water. The solvent was 

evaporated under nitrogen flowing atmosphere. Any remaining of water residue was 

eliminated by coevaporation with acetone. Standard solutions were also prepared for the 

identification and elaboration of calibration curves for the quantification of each sample 

sugar. Alditol acetates were quantitated using a Focus GC-FID (Thermo Scientific, 

Waltham, MA, USA) using Chrom-Card software to ensure complete control of the 

instrument operation and data acquisition under the following conditions: inlet temperature 
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225 ºC with a split flow of 30 mL‧min–1; oven temperature 220 ºC with a run time of 28 

minutes and carrier flow of 3 mL‧min–1; detector temperature 250 ºC. 

 

Content of sugars, acids, methanol and furfural in SSL.  

Furfural, sugars (glucose and xylose), acids (formic and acetic acids) and methanol 

present in the industrial SSL were quantified by high performance liquid chromatography 

(HPLC). Standard solutions were also prepared for the identification and elaboration of 

calibration curves for the quantification of each component. Prior the HPLC analysis, the 

SSL diluted solutions were filtered using syringe filters with polyethersulfone membrane 

(0.45 μm porosity and 25 mm diameter). The HPLC analysis was carried out using an Accela 

HPLC system (Thermo Scientific, Waltham, MA, USA) equipped with an Accela 600 pump, 

Accela PDA and RI detectors, and a 8 μm Thermo Scientific HyperRez XP Organic Acids 

column 100×7.7 mm. ChromQuest software was used to ensure complete control of the 

instrument operation and data acquisition. The isocratic method consisted on using 0.001 M 

H2SO4 as the eluent at a 300 μL‧min–1 flow rate, with a run duration of 70 min, keeping the 

column at 40 ºC. 

 

Thermogravimetric analysis (TGA).  

TGA of the samples was carried out using a Setsys Evolution 1750 TGA-DSC (Setaram, 

Caluire, France) thermogravimetric analyser equipped with a DSC plate rod accessory and 

the thermal analysis software Setsoft 2000. Samples were analysed from room temperature 

up to 800 ºC at a heating rate of 10 C‧min–1 in nitrogen or oxygen gas at flow rate of 200 

mL‧min–1 using an alumina crucible. A blank experiment (with empty crucible) was carried 

out under the same conditions for each type of experiments (under N2 or O2) prior the 

experiments with samples, in order to subtract the buoyancy effect. Temperature and heat 

flow calibrations were carried out using the melting points of four standards (In, Pb, Al, and 

Au) at three different heating rates (5, 10, and 15 ºC‧min–1). 
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Fourier-transform infrared (FTIR) spectroscopy.  

FTIR spectra of LS and LS-based products were recorded using a FTIR System Spectrum 

BX (PerkinElmer, Massachusetts, USA), coupled with a universal ATR sampling accessory, 

in absorbance mode from 4000 to 500 cm–1 with a 4 cm–1 resolution. Samples were analysed 

as powders, 128 scans were averaged, and all spectra were baseline corrected and normalized 

(using the min-max normalization technique [291]) for further analysis.  

 

UV-Vis spectroscopy.  

The quantification of LS comprised in SSL was carried out using a Evolution 200 UV-

Vis Spectrophotometer (Thermo Scientific, Massachusetts, USA) at 273 nm, using 

experimentally determined absorption coefficient (ε). 

 

Molecular weight determination.  

Size exclusion chromatography (SEC) analysis was carried out using two PL aquagel-OH 

MIXED 8 μm 300×7.5 mm columns protected by a PL aquagel-OH Guard 8 μm pre-column 

on a PL-GPC 110 system (Polymer Laboratories, Shropshire, UK) equipped with a RI 

detector. The columns, injection system and detector were maintained at 36 ºC during the 

analysis. LS were dissolved in 0.1 M NaNO3 aqueous solution to a concentration of about 

10 mg‧mL–1 (1% w/v). The eluent (0.1 M aqueous solution of NaNO3) was pumped at a flow 

rate of 0.9 mL‧min–1. The calibration was performed using pullulan standards (Polymer 

Laboratories, Shropshire, UK) covering the molecular weight range of 738–48000 Da.  

 

Nuclear magnetic resonance (NMR) spectroscopy.  

Quantitative 13C NMR and 1H NMR spectra were recorded using a ASCENDTM 500 

spectrometer (Bruker, Wissembourg, France) operating at 500.16 MHz for proton and at 

125.77 MHz for carbon. The 1H NMR and 13C NMR spectra of LS and modified LS were 

registered in D2O at 295 K using typical sample concentrations of 2.5 % for proton and of 

25 % for carbon spectra. Sodium 3-(trimethylsilyl) propionate-d4 was used as internal 

standard (δ = 0.00) in proton spectra. The relaxation delay was 14 s and about 200–300 scans 
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were collected (90º pulse). The quantitative carbon NMR spectra were acquired using a 90º 

pulse, 12 s relaxation delay and 18000–20000 scans were collected. The internal standard 

used was acetone (δ = 30.89). 

The phase-sensitive 1H-detected heteronuclear single quantum coherence (HSQC) 

spectra were recorded using a ASCENDTM 500 spectrometer (Bruker, Wissembourg, 

France) operating at 295 K. HSQC spectra of LS and modified LS were acquired in D2O 

over an F1 spectral weight of 12,000 Hz and an F2 width of 2000 Hz with a 2048×1024 

matrix and 128 transients per increment. The delay between scans was 2 s and the delay for 

polarization transfer was optimized for 1JC-H = 150 Hz. 

 

Sulfonic (SO3H) and phenolic (OHphen) groups content in LS.  

The sulphonic and phenolic hydroxyl groups content in LS was determined by 

conductometric titration [33]. The procedure was as follow: About 50 mg of LS were 

dissolved in 20 mL of distilled water, then 500 mg of Dowex® 50WX2 (50–100 mesh) ion-

exchange resin were added. After 24 hours, the resin was separated in a glass filter and 

thoroughly washed with distilled water. The filtrate and wash waters were quantitatively 

transferred into a erlenmeyer flask and conductometrically titrated with 0.1 N LiOH until 3 

mL of titrant were used, then titrated with 0.1 N HCl again until 3 mL were used. The content 

of SO3H-groups is giben by Equation 1: 

[SO3H]= (100×a×f) A⁄         (1) 

whereas the content of OHphen-groups is given by Equation 2: 

[OHphen]= (100×b×f) A⁄         (2) 

where a and b are the titrant volumes in mL (0.1 N LiOH and 0.1 N HCl, equivalent to the 

content of SO3H- and OHphen-groups, respectively); f is the titer of LiOH and HCl; and A is 

the LS sample weight in mg. Both concentrations are given in meq/g. 
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Dynamic light scattering (DLS).  

Zeta potential was measured using a Zeta sizer Nano Series analyser (Malvern 

Instruments, Worcestershire, UK).  

 

3.2.2. LS-based dispersants for concrete formulations (Chapter 5) 

Evaluation of the laccase activity.  

Laccase activity was determined at 30 ºC by oxidation of 2,2’-azino-bis-(3-ethyl 

benzthiazoline-6-sulphonate) (ABTS) in sodium acetate buffer, pH 5.0 [141]. Oxidation of 

ABTS was followed by absorbance increase at 420 nm (ε420 = 3.6×104 cm–1). Enzyme 

activity was expressed in laccase activity units (U, μmol‧min-1).  

 

Laccase-oxidative polymerization of LS.  

The enzymatic treatment consisted in adding laccase (loadings ranging from 42 to 500 

U‧g–1 of LS) to 10 mL of a 100 g‧L–1 LS solution (pH adjusted to 4.3) in a 25 mL jacketed 

glass reactor equipped with a magnetic stirrer and a heating circulating water bath. The 

reactions were carried out at 40 ºC with continuous pure oxygen bubbling for 90–120 

minutes. Samples were withdrawn from the reaction vessel at 10, 20, 30, 60 and 90 minutes 

of reaction time. The water-soluble modified LS samples were analysed by SEC and UV-

Vis spectroscopy and then were freeze-dried for further characterization by ATR-FTIR 

spectroscopy, quantitative 13C NMR and 1H-13C HSQC NMR (see section 3.2.1). 

 

Synthesis of aqueous solutions of molybdovanadophosphate POMs 

Molybdovanadophosphate POM solutions were synthesized using stoichiometric 

amounts of MoO3, V2O5, NaH2PO4.H2O and anhydrous Na2CO3 [292]. The synthesis of a 

0.1 M [PMo10V2O40]
5– solution (hereafter designated as PMo10V2) was carried out as follow: 

14.4 g (0.1 mol) of MoO3, 1.82 g (0.01 mol) of V2O5 and 1.38 g (0.01 mol) of NaH2PO4.H2O 

were suspended in 35 mL of distilled water in a 250 mL Erlenmeyer flask with a magnetic 

stirring bar, at room temperature. Then, 5.3 g (0.05 mol) of anhydrous Na2CO3 was slowly 

added in small portions to the stirred mixture, causing CO2 liberation. A condenser was 
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placed on top of the Erlenmeyer and the mixture was refluxed for 3 h until a deep red 

translucent solution was obtained. Then the solution was allowed to cool down to room 

temperature. At this point, 50 ml of a 2 M H2SO4 solution was added. The final solution was 

transferred to a glass flask, flushed with N2 (g) and kept in the dark.  

A similar procedure was carried out for the synthesis of 0.1 M [PMo11VO40]
4– solution 

(hereafter designated as PMo11V), but in this case, different amounts of MoO3 (15.84 g, 0.11 

mol) and V2O5 (0.91 g, 0.005 mol) were used. Both POM solutions were used as such 

without further purification. 

 

POM-mediated laccase-oxidative modification of LS.  

The laccase oxidative treatment of LSF was performed according to previous 

methodology [293] with the introduction of a certain amount of a selected POM. The 

procedure consisted in adding 200 μL of a 0.1 M aqueous solution of 

[SiW11MnIII(H2O)O39]
5– to 10 mL of a 100 g·L–1 LSF solution (pH adjusted to 4.3) in a 25 

mL jacketed glass reactor equipped with a magnetic stirring bar and a heating circulating 

water bath, which temperature was set at 40 °C. Then laccase (85 U·g–1 LS) was added to 

the solution. The reaction was carried out at 40 °C with continuous pure oxygen bubbling 

for 60 min. At the end of the reaction, the water-soluble modified LS solution was cooled 

down using an ice bath and finally stored in the refrigerator (4–6 °C). The same procedure 

was carried out using the 0.1 M [PMo10V2O40]
5– and [PMo11VO40]

4– solutions. The sample 

was analysed by SEC and UV-Vis spectroscopy and then a small amount was freeze-dried 

for further characterization by ATR-FTIR spectroscopy (see section 3.2.1). 

 

Synthesis of LS-based amphiphiles.  

The procedure consisted in dissolving 12 g of LSG in 20 mL of distilled water in a 50 mL 

two-neck round bottom glass flask equipped with a condenser and a magnetic stirring bar. 

The LSG solution (pH ~4.6) was heated up to 100 °C and then 17 mL of PEGDE was added 

corresponding to a OH ratio of LS toward PEGDE of 1:2. The reaction was carried out at 

100 °C for 2 h under nitrogen atmosphere, without the addition of any catalyst. Upon this, 

the reaction mixture was cooled down to room temperature and finally stored in the 
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refrigerator. A similar procedure using the same conditions and reagents proportions was 

carried out but, in this case, 13 mL of PPGDE was added instead of PEGDE.  

For SEC analysis and cement paste preparation, samples were kept in the refrigerator (4–

6 °C) and then used as such without further treatment/purification step. For chemical 

characterization, such as FTIR and NMR analyses, samples were purified by dialysis against 

distilled water for 8 h at room temperature using a partially benzoylated cellulose membrane 

of 2000 NMWCO (Sigma-Aldrich, Madrid, Spain), freeze-dried and then kept in a 

desiccator. (see section 3.2.1). 

 

Characterization of cement pastes - Flow table test.  

The workability/fluidity of a cement paste is assessed by the flow table test according to 

a standard procedure EN 12350-5:2009 [294] with some adjustments. The cement paste was 

prepared as follow: 400 g of water was added to 1 kg of cement, followed by the addition of 

10 g of an admixture solution containing 40 wt. % solids content. Various samples were 

tested as admixture in the cement formulation, such as unmodified LS, THSL, different 

modified LS samples and two commercial superplasticizers, one PCE and one NSF. The 

selected products are listed in Table 4 including corresponding description and reference 

name. The cement paste components were mixed using a laboratory cement paste mixer for 

4 min. During this time period, the mixing was stopped and the sides of the mixing bowl 

were scrapped for 20 to 30 seconds. Finally, a cement paste slurry was obtained. The paste 

was filtered to break up lumps that may be present and then poured into the truncated flow 

cone mould on a glass plate/table. Once the cone was lifted, the cement paste collapsed and 

spread, as seen in Figure 13. The paste was allowed to flow on the plate for 30 seconds. The 

maximum diameter of the spread was measured; three values were registered and the average 

value was reported as the fluidity of the cement paste. This first average value was registered 

at 8 min with the initial time (t = 0 min) corresponding to the be-ginning of the preparation 

of the cement paste. The cement paste was collected and kept for further fluidity procedures, 

one at 30 min and another final one at 60 min. 
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Table 4. Selected LS-based products and commercial petroleum-based dispersants to be tested in 

cement pastes. 

Material* Description   

THSL Unmodified thick sulphite spent liquor 

LS Unmodified purified LS from SSL/THSL 

LSF-laccase Laccase-modified LSF without mediatora 

LSF-POM-laccase  POM-mediated laccase-modified LSFb 

LSG-PPGDE (1:2) PPG-modified LSG (LS:PPGDE = 1:2) 

LSG-PEGDE (1:2) PEG-modified LSG (LS:PEGDE = 1:2) 

PCE Commercial petroleum-based superplasticizer 

NSF Commercial petroleum-based superplasticizer 

a – Laccase load of 500 U‧g–1 LS from previous work [293] 

b – Laccase load of 85 U‧g–1 LS, POM used SiW11Mn. 

 

 

Figure 13. Flow table test: spreading of cement paste. 

 

3.2.3. LS-based conducting membranes for sensor applications (Chapter 6) 

Synthesis of LS-based composite polyurethanes membranes.  

The polycondensation reaction of LS (purified from thick SSL) with isocyanate was 

carried out according to the literature [91,211,237–239] with only slight adjustments. For all 

syntheses, the amounts of LS and PPGDI were chosen in order to obtain a NCO/OH ratio of 

1.5. LS was previously ground alone using an agate mortar and pestle and then mixed with 

MWCNTs (without grinding). Hence, LS powder (500 mg), or a mixture of LS powder with 

a certain proportion of MWCNT (0.1, 0.2, 0.5, 0.8, 1.0 and 1.4 % w/w in relation to the total 

mass of the overall mixture, i.e., LS and PPGDI), was placed in a 25 mL jacketed glass 

reactor equipped with an overhead mechanical stirrer and a heating circulating water bath. 

Then, PPGDI (4 mL) was added and the mixture was stirred for 45 minutes at 60 ºC in order 

to obtain a homogeneous viscous solution. Then, liquid catalyst dibutyltin dilaurate (ca. 2% 

w/w in relation to the PPGDI) was added. The homogeneous mixture was stirred for a further 

5–7 minutes until it started to thicken. At this point, the mixture was removed from the 
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reactor and poured into a flat PTFE mould. The reaction was carried out under nitrogen 

atmosphere. Obtained LS-based PU films were used for polymer characterization. Similar 

reactions were carried out using other carbon-based filler materials such as graphene oxide 

(GO), reduced graphene oxide (rGO) and graphite (Gr). Sensors were prepared by placing a 

thin layer of polymer on the working electrode of SPE. At least three parallel sensors of the 

same composition were prepared. Polymeric films were cured during 4 hours at 60 °C while 

sensors were cured for 4 days at room temperature in a desiccator. 

FTIR-ATR, TGA (under N2) analyses were carried according to procedures described in 

section 3.2.1. 

 

Measurement of films thickness.  

A hand-held digital micrometre (Mitutoyo Corporation) with an accuracy of 10 μm was 

used to measure the thickness of the LS-PU films. The thickness was measured at randomly 

selected locations on each film (n = 4/5) and the mean values were recorded. 

 

Dynamic Mechanical Analysis (DMA).  

DMA analysis of the LS-based PU composites undoped and doped with carbon-based 

fillers (MWCNT, GO, rGO and Gr) was carried out using a Tritec 2000 DMA (Triton 

Technology, Leicestershire, United Kingdom). In the case of LS-based PU membranes, a 

rectangular piece with 30×5 mm2 was mounted in tension geometry and then submitted to a 

temperature scan using a constant heating rate of 2 ºC‧min–1 from -100 º up to 60 ºC (before 

starting the run, an initial static force was applied (1 N) to guarantee that the sample remains 

under a net tensile force). The displacement was 0.010 mm and the frequency of deformation 

(oscillating frequency) was alternated between 1 and 10 Hz (due to the frequency 

dependence of data). The glass transition temperature, Tg, was determined from the 

maximum value of the peak in tan δ. (It is worth noting that when comparing the tan δ peak 

for a β transition at 1 and 10 Hz, differences of more than 10 ºC between peaks are expected, 

while for an α transition, i.e. Tg, smaller differences around 3–7 ºC between peaks are normal 

[295,296]). 
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Scanning Electron Microscopy (SEM).  

SEM images of LS grinded powder, LS powder mixed with carbon filler and LS-based 

PUs membrane composites were recorded using a Hitachi S-4100 microscope (Tokyo, 

Japan). The powdered samples were placed on the carbon tape surface and the excess was 

blown. The membranes were cut (with dimensions ca. 2×4 mm) and glued with carbon glue 

on top of the holder in order to visualize their cross section. All samples were gold-coated 

prior SEM analysis during which an acceleration voltage of 5 kV was applied. 

 

Dielectric measurements.  

DC electrical conductivity was measured at temperatures between –110 and 100 °C using 

a 617 Keithley electrometer (Keithley Instruments GmbH, Munich, Germany). Electrical 

contacts were made by painting polymer films on both sides with silver paste, simulating a 

parallel plate capacitor with a surface area of about 1 cm2 and 1 mm distance between 

electrodes. 

Dielectric measurements for frequencies between 100 Hz and 1 MHz were carried out 

using an Agilent 4294A Precision Impedance Analyzer (Agilent, California, USA) at 

temperatures between –82 and 108 °C under helium atmosphere. Electrical contacts were 

made by placing the polymer films between two electrodes, simulating a parallel plate 

capacitor with a surface area of about 1 cm2 and distance between electrodes 1 mm. 

 

Potentiometric measurements.  

Potentiometric chemical sensors were prepared by depositing a thin layer of LS-based PU 

doped with 1% w/w MWCNTs (before curing) on the surface of PANI-SPE. Then the 

polymer was cured at room temperature in a desiccator for 4 days before usage. 

Electrochemical measurements were carried out in the following galvanic cell: 

Ag | AgCl, KClsat | sample | PANI polymer membrane | carbon 

The electromotive force values, Emf, were measured vs. Ag/AgCl reference electrode 

with a precision of 0.1 mV using a custom-made multichannel voltmeter with high input 

impedance connected to the PC for data acquisition and processing. Calibration 
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measurements were made in the solutions of zinc nitrate, cadmium nitrate, lead nitrate, 

copper(II) chloride, mercury(II) chloride, silver nitrate, chromium(III) chloride, potassium 

dichromate, potassium ferrocyanide and potassium ferricyanide in the concentration range 

1.0×10–7–1.0×10–2 M. Tris buffer solution with a concentration of 1 mM and pH 7 adjusted 

by addition of hydrochloric acid was used as supporting electrolyte. Redox response was 

studied in the solutions of two redox pairs, Cr(III)/Cr(VI) and Fe(CN)6
3–/4– at pH 2 on the 

background of 0.01 M HCl and at pH 7 on the background of 1 mM Tris buffer solution. 

Total concentration was 1 mM for both pairs with the ratio of oxidized to reduced form 

varying from 0.01 to 100. Parameters of Nernst equation, i.e 

., slope of the electrode function and standard potential were calculated using linear 

regression and averaged over replicated calibration runs for each ion. 

The sensor selectivity was estimated using the matched potential method (MPM) at pH 7 

on the background of Tris buffer solution. At least 3 replicated measurements were run for 

each ion. 

 

3.2.4. LS-based polyurethane adhesives (Chapter 7) 

LS-based adhesive synthesis 

For all formulations, purified LS powder (500 mg) was first dissolved in water (400 μL) 

or a mixture of water with PEG200 (0, 50, 100 and 150 μL) to form the base solution. The 

volume of water used was initially optimized to ensure full solubilization of LS and ease of 

agitation. The mixture was kept under constant magnetic stirring for 5 min and then 50 μL 

of DBTDL was added as the catalyst. Finally, 900 or 1000 mg of crosslinker pMDI was 

introduced in the reaction mixture and the reaction proceeded for a certain time period 

ranging from 30 s to 5 min depending on the application. For all formulations, the quantities 

of LS, water and DBTDL were kept constant (500 mg, 400 μL and 50 μL, respectively) 

while only the contents of PEG200 and pMDI were varied, according to the formulations 

presented in Table 5. The molar ratio NCO/OH was calculated based on the contribution of 

the total amount of OH groups in LS [297] and OH groups in PEG200. In the ABES testing, 

a 5 min stirring time was chosen. 
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For the ABES testing, a 5 min stirring time was chosen. For the study of the curing process 

(DMA and DSC), the stirring time was 30 s. For the FTIR and TGA analyses (see section 

3.2.1), a 5 min stirring was performed and then the adhesive was left curing for 48 h at room 

temperature. 

 

Table 5. Formulations of the LS-based PU adhesives prepared. 

Formulation 
LS 

(mg) 

H2O 

(μL) 

PEG200 

(μL) 

DBTDL 

(μL) 

MDI 

(mg) 

NCO/OH 

molar ratio* 

1 500 400 0 50 900 3.2:1 

2 500 400 50 50 900 2.6:1 

3 500 400 100 50 900 2.2:1 

4 500 400 150 50 900 1.9:1 

5 500 400 0 50 1000 3.6:1 

6 500 400 50 50 1000 2.9:1 

7 500 400 100 50 1000 2.4:1 

8 500 400 150 50 1000 2.1:1 

* Without water 

 

Dynamic Mechanical Analysis (DMA).  

Dynamic mechanical analysis (DMA) of the polymer films was carried out using a Tritec 

2000 DMA instrument (Triton Technology, Leicestershire, UK). The LS-based PU 

formulation before curing was studied as such using a stainless-steel material pocket 

accessory [298] in single cantilever bending mode. A first temperature scan for the LS-based 

formulation curing process was carried out from room temperature up to 180 °C at a heating 

rate of 5 °C·min–1, with a displacement of 0.020 mm and at a frequency of deformation 

(oscillating frequency) of 1 Hz. Next, the same material pocket containing the cured LS-

based PU was used to perform a second temperature scan in order to determine its Tg. This 

second DMA run was carried out from –20 °C up to 200 °C (before degradation) at a heating 

rate of 2 °C·min–1, with a displacement of 0.020 mm and at a frequency of 1 Hz. 

 

Differential scanning calorimetry (DSC) 

DSC analysis was carried out in a Power Compensation Diamond DSC (PerkinElmer, 

Waltham, MA, USA) previously calibrated using the melting points of indium and lead as 
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standards for temperature calibration and the heat of fusion of indium as standard for heat 

calibration [299,300]. The LS-based PU formulation samples (around 5–10 mg) were 

encapsulated in hermetically sealed stainless-steel pans that can with-stand a maximum 

internal pressure of 24 bar. Dynamic (non-isothermal) DSC runs were performed in the 

temperature range from –10 to 150 °C, at different heating rates, namely 5, 10, 15 and 20 

°C·min–1.   

 

Evaluation of adhesive strength by auto-mated bonding evaluation system (ABES) 

The strength development of LS-based adhesives was assessed using the automated 

bonding evaluation system (ABES, Corvallis, Oregon, USA). Tests with ABES apparatus 

were carried out using beech (Fagus sylvatica) veneer strips (with a dimension of 117 mm × 

20 mm and thickness of 0.5 mm). For each test, a new LS-based adhesive sample formulation 

was prepared. After adding pMDI (according to the synthesis method), the formulation was 

mixed using a magnetic stirring for 5 min. Afterwards, 10 mg of pre-cured adhesive was 

applied and evenly distributed on the standard configuration of the beech veneer (over 5 mm 

of the edge of the beech veneer strips to cover the bonding area of 100 mm2), according to 

Figure 14. Then, a wood strip without adhesive was overlapped over the one with adhesive 

making sure the two strips were aligned giving an overlapping area of 100 mm2 (20 x 5 mm). 

This strip was glued to another strip in the same configuration and a 500 g load (49 kPa) was 

placed on top of the jointed wood strips. The structure was kept in this form for 24 h at room 

temperature for adhesive curing and the strips to be glued.  
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Figure 14. Scheme representing (a) the beech veneer strips and the area where the adhesives are 

applied and (b) the final set of two beech strips bonded with selected adhesive. 
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4.1. ABSTRACT 

The magnesium-based acidic sulphite cooking process adopted at CAIMA significantly 

changed in the last years. Formerly the cooking process ran at 130 ºC and moderate acidity 

(pH ca 1.5) aiming the production of paper-grade cellulosic pulp from Eucalyptus globulus 

wood. Nowadays, CAIMA produces dissolving pulp from Eucalyptus globulus wood 

through an acidic sulphite process carried out at 145 ºC and at a final pH below 1.0. 

Considering that the re-profiling of the sulphite process may have caused inevitable changes 

in the composition of the final SSL, a systematic chemical analysis is necessary and was 

carried out. In that sense thin (SSL) and thick (THSL) sulphite spent liquors from the 

dissolving pulp production were analysed as well as the purified lignosulphonates (LS) from 

both liquors, namely LSF from SSL and LSG from THSL. The main results were compared 

with those obtained for SSL and LS from the production of paper-grade pulp. 

 

4.2. INTRODUCTION 

The global lignin market is mostly composed of lignosulphonates (ca. 88%) [2], typically 

obtained from the sulphite process, which has been attracting significant attention in the 

context of biorefinery. While the chemical pulp is marketed as a raw material (e.g. dissolving 

pulp), sulphite spent liquor (SSL) side product can be processed to produce fuels (e.g. 

bioethanol), food additives (proteins, xylitol, etc.), bioplastics (e.g. polyhydroxyalkanoates) 

and a set of lignin-based chemicals [49]. After the sulphite pulping batch, the brown stock 

is washed and the pulp is separated from SSL, which is then concentrated by evaporation to 

produce 56-68% (w/w) thick SSL (THSL). A fraction of THSL is burned to produce energy 

and to regenerate the pulping base and SO2 while the other fraction is processed into 

commercial products. SSL obtained from sulphite pulping of hardwoods are different than 

those from softwood sulphite pulping [24,51] and are mainly composed of water-soluble 

lignosulphonates (LS) and xylo-oligosaccharides (XOS). While a certain LS proportion is 

valorized into concrete additives, animal feed, paint and oil industries, and agriculture; the 

other portion corresponding to dissolved sugars and XOS could be used to produce 

bioethanol [58].  
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There is only one Portuguese company that produces dissolving pulp from Eucalyptus 

globulus through the magnesium-based acidic sulphite cooking process. During acid sulphite 

pulping, delignification occurs through two types of reactions, sulphonation and hydrolysis 

(as described in section 2.1.1). The sulphite pulping process adopted at CAIMA – Indústria 

de Celulose significantly changed in the last years by re-profiling the production of paper-

grade to dissolving pulp. While formerly the cooking process ran at 130 ºC and moderate 

acidity (pH ca. 1.5), nowadays the process is carried out at 145 ºC and at a final pH below 

1.0. This fact may cause inevitable changes in the composition of the final sulphite spent 

liquor affecting its potentialities in subsequent processing for the biorefinery requirements. 

Therefore, the main objective of this work was to carry out a comparative analysis of SSL 

and THL from the magnesium-based acid sulphite cooking of eucalypt wood when changing 

the production profile from paper-grade pulp to dissolving pulp, including a comparison 

between the chemical and structural features of purified LS ensued from the two different 

cooking processes.  

 

4.3. RESULTS AND DISCUSSION 

LSF and LSG were analysed on ash content, neutral sugars composition, and functional 

groups (SO3H and OHphen-groups). The main structural features were evaluated by 1D/2D 

liquid-state NMR spectroscopy and FTIR-ATR. Thermal stability was assessed by TGA 

under inert (N2) and oxidative (O2) atmosphere and the molecular weight by SEC.  

 

4.3.1. Chemical composition of SSL 

The analysis of SSL and THSL showed that the pH of liquors decreased 0.5 (SSL) to 1 

% (THSL) and the dry solids increased 1 to 2 % in SSL compared to previous analyses [51], 

as a result of the pulping process modifications (Table 6). Overall, both liquors are composed 

of three major groups of nonvolatile components, namely, ash, lignosulphonates, and sugars. 

The amount of ashes decreased in liquors compared to former data [51] while the differences 

in other components were not as significant. The changing of pulping conditions led to an 

increase in volatile compounds such as acetic and formic acids, methanol and furfural in the 
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liquor whilst the amount of LS increase in THSL was moderate. A relevant amount of acetic 

acid still remained in THSL after the SSL evaporation. 

 

Table 6. Chemical composition of Eucalyptus globulus thin (SSL) and thick (THSL) liquors (% 

w/w liquor). 

 SSL THSL 

pH 2.6 ± 0.0 2.8 ± 0.0 

Density (gcm-3) 1.06 ± 0.00 1.38 ± 0.02 

Dry solids 13.1 ± 0.2 61.2 ± 0.3 

Ash 1.9 ± 0.0 7.3 ± 0.3 

Lignosulphonates 8.2 ± 0.2 32.6 ± 0.2 

Glucose 0.4 ± 0.0 2.0 ± 0.3 

Xylose 2.4 ± 0.2 10.6 ± 0.5 

Methanol 0.2 ± 0.0 0.85 ± 0.37 

Furfural 0.01 ± 0.00 0.04 ± 0.01 

Formic acid 0.02 ± 0.00 0.09 ± 0.01 

Acetic acid 1.1 ± 0.1 0.50 ± 0.02 

 

4.3.2. Chemical and structural analysis of purified LS 

Comparing LSF with original SSL freeze-dried (SLlyo) in terms of neutral sugars content 

(Table 7), it is obvious that the dialysis purification of LS using 2000 Da MWCO membrane 

was not efficient to remove all carbohydrates present in SSL, since a remnant amount of ca. 

6 % w/w is still present in LSF. This occurrence was previously elucidated [51] and has been 

related to the presence of xylo-oligosaccharides (XOS) that exhibit similar LS molecular 

weight. Unsurprisingly, contents on neutral sugars, sulphonic and phenolic hydroxyl groups 

in LSG are lower than in LSF. The evaporation of SSL at the pulp mill to obtain THSL is 

carried out in a multiple-effect evaporation system composed of 7 evaporators running under 

vacuum with the evaporation temperature ranging from 130 ºC in the first effect to 60 ºC in 

the last effect. Therefore, the evaporation conditions contribute to the occurrence of 

condensation reactions and further degradation of functional groups and carbohydrates.  

 

 

 

 



4. Characterization of SSL and LS 

 

 

66 

Table 7.Chemical composition of purified lignosulphonates LSF and LSG (% m/m). 

 LSF LSG SLlyo 

Ash 11.6 ± 0.5 12.1 ± 0.4 12.8 ± 0.4 

Neutral sugars 6.1 ± 0.2 5.1 ± 0.2 14.9 ± 0.5 

 Arabinose 0.1 ± 0.0 0.1 ± 0.0 0.3 ± 0.0 

 Xylose 3.9 ± 0.2 3.2 ± 0.1 10.6 ± 0.2 

 Mannose 0.4 ± 0.0 0.3 ± 0.0 0.7 ± 0.0 

 Galactose 0.4 ± 0.1 0.4 ± 0.0 1.0 ± 0.1 

 Glucose 1.2 ± 0.2 1.0 ± 0.1 2.2 ± 0.1 

C 43.5 ± 0.3 43.3 ± 0.4 36.2 ± 0.5 

H 5.3 ± 0.1 5.9 ± 0.1 5.4 ± 0.1 

S 9.6 ± 0.1 5.9 ± 0.2 8.2 ± 0.0 

SO3H groups 21.1 ± 0.7 17.1 ± 0.9 21.5 ± 1.2 

OHphen-groups 3.0 ± 0.4 2.4 ± 0.4 2.5 ± 0.4 

 

The molecular weight of SLlyo and purified LSF and LSG was assessed by SEC and the 

ensuing curves are presented in Figure 15. The molecular weight distribution of all LS was 

bimodal. The curve related to SLlyo displays two peaks: one around elution time 18.0–19.8 

min, which corresponds to a low molecular weight fraction containing sugars, 

oligosaccharides, and low molecular weight compounds, while the other peak around elution 

time 16.0–17.9 min corresponds to the fraction of LS with higher molecular weight. The 

curves corresponding to LSF and LSG revealed the decrease of the RI signal intensity at 

elution time around 18.0–19.8 min due to the removal of part of low molecular weight 

fractions from SSL during dialysis, which was more considerable in the case of LSG. As a 

matter of fact, in the case of SLlyo, the LS fraction represents 42.5 % of the total, while for 

LSF it is 57.4 % and for LSG 60.1 %. Based on the calibration curve, the weight average 

molecular weight (Mw) of LS at elution interval 18.0–19.8 min was calculated being 2890 

Da for SLlyo (PDI = 1.49), 3650 Da for LSF (PDI = 1.63) and 4130 Da for LSG (PDI = 1.77).  
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Figure 15. SEC curves of lyophilized spent sulphite liquor (SLlyo) and LSF and LSG. 

 

The FTIR-ATR spectra of LSF and LSG are very similar (Figure 16 and Table 8). Both 

LS exhibit a broad band at ca. 3000–3600 cm−1, attributed to stretching of hydroxyl groups 

in phenolic and aliphatic structures, and two bands centred around 2940 and 2848 cm−1, 

mainly derived from C-H stretching in aromatic methoxyl groups and in methyl and 

methylene groups of side chains [301–303]. The bands at 1604, 1510 and 1426 cm−1 are 

assigned to aromatic skeleton vibrations, while the band at 1460 cm−1 is associated to the C–

H deformation in methoxyl groups combined with aromatic ring vibration [302–304]. These 

bands between ca. 1420 and 1600 cm–1 are characteristic for all lignins [304], though change 

in the intensity of the bands may be observed and related to the amounts of OCH3 groups 

present. Spectra of sulphonic acids are characterised by bands near 1350 and 900 cm–l, while 

spectra of the corresponding salts are characterised by a group of strong bands between 1120 

and 1230 cm–l [305,306], as seen in Figure 16. Below 1400 cm–1, the assignment of the bands 

becomes much more difficult since the same band can be assigned different vibrations. 

Hence, the bands around 1330 and 1210 cm–1 can be assigned to C-O vibrations associated 

to the aromatic ring as well as to sulphonic groups, namely the symmetric and asymmetric 

stretching of the S=O group [51,303–307], while the bands around 1154 and 1112 cm–1 can 

be assigned to aromatic C-H in-plane deformation, C-O-C groups and also to sulphonic 

groups [303,304,306]. The strong band at 1034 cm–1 can be attributed to aromatic C-H in-

plane deformation related with C-O, C-C stretching and C-OH stretching, sulphonic groups 

and alkyl-aryl ether linkages such as β-O-4 interunit bonds and methoxyl groups 

[51,303,304,307]. Finally, the bands at 914 and 818 cm–1 are assigned to aromatic C-H 
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deformation out-of-plane [303,304], while the bands at 650 and 630 cm–1 are assigned to 

sulphonic groups in particular to the S-O stretching and C-S stretching vibrations, 

respectively [51,302,308]. 

 

 

Figure 16. FTIR-ATR spectra of Eucalyptus globulus purified LSF and LSG. 

 

The signals in 13C and 1H NMR spectra of both LSF and LSG were assigned based on the 

interpretation of NMR database of Eucalyptus globulus lignin [309,310] and 

lignosulphonates [24,310], as well as sulphonated lignin model compounds [52,53,311] and 

are presented in Figure 17 and Table 9.  

The chemical shifts depicted in Table 9 corresponding to various structures (Figure 18) 

were similar to those reported for lignosulphonates [24,310] and for model compounds 

(considering the differences in solvents used and temperature of spectra acquisition) [311].  
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Table 8. Assignment of bands in FTIR-ATR spectra of purified LSF and LSG [51,301–308]. 

LSF 

(cm–1) 

LSG 

(cm–1) 

Assignment 

3356 3356 O-H stretching, H-bonded 

2938 2940 C-H stretching in methyl, methylene and O-CH3 groups 

2838 2848 C-H stretching in O-CH3 groups 

1600 1604 Aryl ring stretching, symmetric 

1508 1510 Aryl ring stretching, asymmetric 

1458 1460 C-H bending in O-CH3 groups, asymmetric 

1426 1426 Aromatic skeletal vibration combined with C-H bending in O-CH3 

groups, asymmetric in-plane 

1326 1330 Caryl-O vibrations, SO3H groups (S=O stretching vibration) 

1210 1210 Caryl-O vibrations, C-C, C-O, C=O stretching, metallic salt of 

SO3H groups (S=O stretching vibration) 

1154 1154 Aromatic C-H in-plane deformation, SO3H groups 

1114 1112 Aromatic C-H in-plane deformation, C-O-C groups, metallic salt 

of SO3H groups 

1030 1030 Aromatic C-H in-plane deformation related with C-O, C-C 

stretching and C-OH stretching, SO3H groups, Calkyl-O ether 

vibrations (O-CH3 and β–O-4) 

912 914 C-H deformation out-of-plane, aromatic ring 

816 818 C-H deformation out-of-plane, aromatic ring 

650 650 SO3H groups (S-O stretching vibration) 

630 630 SO3H groups (C-S stretching vibration)  

 

Structural assignments were confirmed by proton-carbon HSQC correlation 2D NMR 

spectra (Figure 19) according to the literature [24,310]. Generally, the most abundant 

structures are structure A, β-O-4 linkages, xylo-oligosaccharides and glucuronic acid 

(GlcA), while the other structures occur in smaller amounts being difficult to identify them 

in the HSQC spectra. Signals from xylo-oligosaccharides (XOS) and gluco-oligosaccharides 

(GOS) were identified being clear the highest abundance of XOS. This observation is in 

agreement with the chemical analysis of LSF and LSG that still contain 5–6 % of 

carbohydrates after SSL dialysis (Table 7) suggesting that part of XOS and GOS are 

chemically linked to lignin structures [24]. An unknown small signal at 6.5/112 ppm appears 

in both spectra. Therefore, further structural analysis is recommended, such as homonuclear 

correlation spectroscopy (COSY) or total correlation spectroscopy (TOCSY), in order to 

identify this signal and confirm some structures. 
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Figure 17. Quantitative 13C NMR spectrum of LSF (top figure) and LSG (bottom figure) in D2O at 

295 K. 

 

The analysis of the main lignin structures in LSF and LSG is summarized in Table 10. 

The calculations were carried out per one hundred aromatic rings according to previously 

established methodology [24,309,310]. The aromatic region equivalent to six carbon atoms 

was integrated at 100–160 ppm. Lignosulphonate structures are mainly constituted by 

syringyl units since syringyl:guaiacyl ratio is 80:20 and 78:22 for LSF and LSG, 
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respectively. The abundance of lignin structures linked by β-O-4 bonds was calculated based 

on signals integrals at 60.0–62.0 ppm and only for the purified LSF. 

 

Table 9. Assignment of carbon signals in 13C NMR spectra of lignosulphonates. 

Signal δC (ppm) Assignment 

1 21.3 CH3 in acetyl groups 

2 26.6 Cβ in I structures 

3 30.8 acetone 

4 32.4 Cβ in D structures 

5 49.1 Cγ in D structures 

6 54.0 Cβ in B structures 

7 56.8 Carbon in OCH3 bonded to aromatic ring 

8 57.1 Cα in F structures 

9 60.6/61.1 Cα in A structures 

10 63.1 Cγ in B structures and C5 in xylan (int. units) 

11 67.4 Cα in A, B and J structures (overlapped) 

12 72.1 C2,5 in glucan (int. units) 

13 74.6 C2,3 in xylan (int. units) 

14 76.6 C4 (int. units) and C3 (red. units) in xylan 

15 81.1 Cβ in A structures 

16 92.9 C1 in xylose reducing unit (α-isomer) 

17 97.3 C1 in xylose reducing unit (β-isomer) 

18 104.7 C2,6 in S units without sulphonic group at Cα 

19 107.7 C2,6 in S units with sulphonic group at Cα 

20 115.5 C2,5 in G units with sulphonic group at Cα 

21 121.3 Cγ in C structures 

22 124.4 C6 in G units with sulphonic group at Cα 

23 128.3 C1 in C structures 

24 133.7 Cβ in C structures 

25 134.8 C1 in A, B, D, E, F, and I structures 

26 137.7 C4 in non-phenolic 4-O-5 and in E structures 

27 145.2 C4 in phenolic G structures 

28 148.1 C4 in phenolic S and C3,4 in non-phenolic G structures; C3,5 in 

phenolic S structures 

29 152.8 C3,5 in non-phenolic S structures 

30 177.9 COOH in COOH-CH2-CH(SO3H)-Ar 
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Figure 18. Lignosulphonate structures. 

 

The results were similar to previous work [24] and revealed a reduced number of β-aryl 

ether structures in LSF (36 per 100 C6) comparing with wood lignin [309,310] due to strong 

depolymerisation of eucalypt wood lignin during acidic sulphite pulping (via partial cleavage 

of β-O-4 structures) [53,310]. The abundance of aromatic quaternary oxygenated (Ar-O), 

nonoxygenated (Ar-C) and tertiary (Ar-H) carbons were determined based on the integration 

of corresponding characteristic spectra intervals at 140–160, 122–140, and 100–122 ppm, 

respectively (Table 10). Abundances for both LS are similar except for quaternary non-

oxygenated carbons (Ar-C), which are in higher amount in LSG than in LSF, suggesting that 

during evaporation of SSL condensation reactions occur. 



4. Characterization of SSL and LS 

 

 

73 

 

Figure 19. HSQC spectra of LSF (top figure) and LSG (bottom figure) in D2O. 

 

Based on the assignments and abundance calculations, it is clear that LSF and LSG 

present similar structures than lignosulphonates previously characterised [24,51]. Although 

the acidic sulphite process at CAIMA changed in the last years, formerly the cooking process 

ran at 130 ºC and pH 1.5 (liquid-to-wood ratio of 3.5–4.0) and nowadays the process is 

carried out at 145 ºC and pH 1.0 (liquid-to-ratio of 3.5–4.0), it seems that it does not affect 

the main structural features of the lignosulphonates.  
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Table 10. Structural analysis of lignosulphonate (LS) by quantitative 13C NMR (per 100 

phenylpropane units C6C3). 

Structural elements LSF LSG 

β-O-4 structures 36 34 

β-5 structures 7 4 

OCH3 151 152 

Ar-H 196 200 

Ar-C 180 190 

Ar-O 222 224 

S:G ratio 80:20 78:22 

 

It is well established that the thermal degradation of lignin covers a wide temperature 

range (160–900 ºC) and is strongly dependent on the lignin nature, heating rate and 

degradation atmosphere [312–314]. Due to its complex composition and structure, which 

include aromatic rings with various branches and oxygen functional groups (phenolic 

hydroxyl, carbonyl groups and benzylic hydroxyl), lignin exhibits different thermal 

stabilities [312,314]. The cleavage of the functional groups originates low molecular weight 

products and at higher temperatures rearrangement of the backbone occurs giving rise to a 

high content of char (30–50 wt. %) and to the release of volatile products [312,314].  

Correspondingly, both lignosulphonates LSF and LSG undergo similar thermal 

decomposition process exhibiting four degradation stages (Figure 20). Like lignins, cleavage 

of functional groups plays an important role (release of low molecular mass products and 

formation of char) and, due to the presence of sulphonated groups, release of sulphur dioxide 

during heating is also expected [312]. Under inert gas flow, LSF and LSG exhibit similar 

TGA and DSC profiles giving rise to a high content of residue, 38.6 and 41.1 %, respectively. 

However, under oxidative gas flow, TGA and DSC profiles for LSF and LSG are different, 

especially during the fourth stage in the temperature range 500–680 ºC, giving rise to a 

residue content rounding 9.2–9.8 %. The first stage, from room temperature up to 150 ºC, 

was similar for both lignosulphonates under inert and oxidative gas flow and is related to the 

release of strongly absorbed water (endothermic peak).  
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Figure 20. TGA thermograms and DSC profiles for LSF (top figure) and LSG (bottom figure) under 

N2 (●) and O2 (●) gas flow (▬ ▬ TGA;   DSC). 

 

The last three stages are directly related to the decomposition of LS corresponding to 

exothermic peaks in the respective DSC profiles. For both LS, the second stage started 

around 180–200 ºC and is characterised by release of sulphonic groups and SO2, lignin 

degradation via side chain reactions (dehydration, decarboxylation, etc.) with a maximum 

weight loss rate at 280 ºC and 320 ºC for LSF and LSG, respectively (derivative of the TG 

profile not shown). In the same way, for both LS, the third stage of decomposition started 

around 380 ºC and is characterised by a maximum weight loss rate at 450 ºC and 445 ºC for 

LSF and LSG, respectively (DTG profile not shown). In this last degradation stage, the 
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degradation of LSF was more abrupt than for LSG, which last stage is bimodal. In both cases, 

char formation occur via rearrangement reactions in the range between 440–600 ºC. 

 

4.4. CONCLUSIONS 

The chemical composition of thin (SSL) and thick (THSL) sulphite spent liquors resulted 

in features like those of SSL/THSL formerly studied. Among major groups of liquor 

components, volatile compounds showed the highest relative increase, whereas the sugars 

and LS fractions revealed a minor relative increment. Although the acidic sulphite process 

at CAIMA changed in the last years, it seems that it does not affect the main chemical and 

structural features of the ensuing lignosulphonates. After dialysis, purified LS still contain 

5–6 wt. % carbohydrates. Some reservations concerning the identification of some structural 

features require further analysis. The minor changes in LS structures are associated with 

higher condensation degree and subsequent increase of the molecular weight and 

simultaneous increment of bonded sulphonic groups. No significant differences in the 

abundance of the β-O-4 bonds have been detected. Hence, considering the applications of 

LS, the changes detected in its composition and structure due to the cooking modification 

may be potentially advantageous to produce modified plasticizers and/or water-reduction 

agents for concrete formulations, formaldehyde-based or formaldehyde-free adhesives for 

biocomposites, and conducting composites. 
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5. LS-based dispersants for concrete 

formulations 
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5.1. ABSTRACT 

Lignosulphonates (LS) are products from sulphite pulping process that could be applied 

as renewable environmentally-friendly polymeric surfactants. Being widely used as 

plasticizers and water-reducing admixtures in concrete formulations LS compete in the 

market with petroleum-based superplasticizers, such as naphthalene sulfonate formaldehyde 

polycondensate (NSF) and copolymer polycarboxylate ethers (PCE). In this work, different 

chemical modification strategies were used to improve LS performance as dispersants for 

concrete formulations. One strategy consisted in increasing the molecular weight of LS 

through different approaches, such as laccase and polyoxometalate-mediated 

polymerization, glyoxalation and reversible addition-fragmentation chain transfer (RAFT) 

polymerization. The other strategy consisted in preparing LS-based non-ionic polymeric 

dispersants using two different epoxidized oligomer derivatives of poly(ethylene glycol) 

(PEG) and poly(propylene glycol) (PPG). Modified LS were used to prepare cement pastes, 

which were examined for their fluidity. Results revealed that the most promising products 

are PPG-modified LS due to the introduction of PPG chains by reaction with phenolic 

moieties in LS. The enhanced dispersant efficiency of the ensuing products is probably 

related not only to electrostatic repulsion caused by the sulphonic ionizable groups in LS, 

but also to steric hindrance phenomena due to the grafted bulky PPG chains. 

 

5.2. INTRODUCTION 

Lignosulphonates (LS) are sulfonated technical lignins present in spent liquor (SSL) from 

the sulphite pulping. Worldwide, approximately 1 million tons of LS are produced annually 

[62], which makes LS the most abundant type of lignin available in the market in a large 

scale representing ca. 88% of the global lignin market [2,27,49,63]. Considering the 

potential applications of LS, beside burning for energy recovery, it is marketed for specialty 

applications, such as dispersants for concrete formulations, animal feed, paint and oil 

industries, agriculture, among others [2,27,49,82]. Most of these applications are due to the 

good water solubility of LS, which is the reason for the restriction of the world market to 

these technical lignins [2].  
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LS are natural polymeric surfactants that contain both hydrophobic (aromatic rings and 

aliphatic chains) and hydrophilic (sulfonic, carboxyl and phenolic hydroxyl groups) 

moieties. Therefore, LS are widely used as concrete water reducers [114,115], coal water 

slurry dispersants [116,117], oil-well dispersants [118] and pesticide dispersing agents 

[119]. LS were first introduced as plasticizers and water-reducing admixtures to concrete in 

the 1930s [315] and nowadays 60 to 90 % of LS are used for this purpose. Concrete consists 

of a composite material made by mixing cement, aggregates and water, with or without the 

incorporation of admixtures [106], which are chemicals used to improve the concrete 

properties such as workability, mechanical performance and durability [107]. Chemical 

admixtures include, but are not limited to superplasticizers, the effectiveness of which is 

assessed by the possibility of reducing the water content in the concrete mixture. Therefore, 

when using plasticizers, a water content reduction of more than 5% by weight is expected, 

while superplasticizers provide a water content reduction of greater than 12% by weight 

[107,108]. LS are the most widely used concrete plasticizers, whose plasticizing and water 

reduction efficiency, however, is limited compared to synthetic superplasticizers [109,122–

124]. Indeed, LS compete with petroleum-based polymeric superplasticizers, namely 

naphthalene sulfonate formaldehyde polycondensate (NSF) and a last-generation recently 

employed copolymer polycarboxylate ethers (PCE) (Figure 9) [107,109]. PCEs are much 

more efficient than LS giving rise to a concrete with superior fluidity or more noticeable 

water-reduction. However, PCEs are often 10 folds more expensive than LS, since the 

formers are synthetic petroleum-based products and LS are by-products from the sulphite 

pulp industry. Therefore, the common industrial practice is to mix both LS and PCEs in 

concrete admixture systems to improve their working and cost efficiency. Research results 

indicate that NSF disperses cement particles and reduces attractive inter-particle forces, such 

as van der Waals forces, by electrostatic repulsion, whereas PCE acts through both 

electrostatic repulsion and steric hindrance of nonadsorbing side chains [110,111]. On the 

contrary, LS dispersant and adsorption mechanism is based only on electrostatic repulsion 

forces, is pH dependent and influenced by the formation of aggregates [316]. Due to the 

presence of sulphonic groups in LS structure (likewise in NSF), LS can bind to the positively 

charged cement particles, causing them to be electrostatically repelled, recharging their 

surface, which prevents the fresh cement mixture from agglomerating, i.e., prevent 

flocculation of cement particles, thus increasing its fluidity [317]. 
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Some strategies can be used to improve LS performance, including increasing their 

molecular weight whilst preserving their solubility in water using an enzymatic modification 

treatment [125,126,293]. Enzymatic modification of lignin is considered as a convenient 

method due to its high specificity, mild reaction conditions, lack of undesired by-products 

and being environmentally friendly. Two different enzymes are commonly in use, 

peroxidases and laccases, though laccases are easier to apply in an industrial process than 

peroxidases because of the widest range of operating conditions and the nature of the oxidant 

(oxygen vs hydrogen peroxide). Thus, laccases require molecular oxygen, which has higher 

stability, lower price, and does not decompose spontaneously into radicals (no inactivation 

of the enzyme) as hydrogen peroxide [125]. Laccases mainly oxidize the phenolic lignin 

units [137]; however, they are able to oxidize the non-phenolic lignin units in the presence 

of certain redox mediators [141,142]. Among a variety of mediators, polyoxometalates 

(POMs), such as K5[SiW11VO40] and H5[PMo10V2O40], have shown to be suitable mediators 

in laccase-mediator systems for oxidative polymerization purposes displaying synergistic 

behaviour when applied in the presence of laccase [318]. Since the adsorption of chemical 

admixtures on cement particles is related to the charge types and the charge density [319], 

another strategy to improve LS performance is the introduction of carboxylic groups, for 

instance, by oxidation via ozonolysis [128]. Another approach reported to improve the 

dispersant properties of lignin is the preparation of lignin-based non-ionic polymeric 

dispersants (amphiphilic derivatives) from organosolv and kraft (softwood and hardwood) 

lignins and LS [151–153]. Lignins were reacted with different commercial epoxidized 

oligomer derivatives and the most promising results were obtained using poly(ethylene 

glycol) diglycidyl ether (PEGDE) and poly(ethylene glycol) monoglycidyl ether (EPEG) 

with softwood lignin. The ensuing amphiphilic derivatives containing both hydrophilic and 

lipophilic moieties displayed enhanced dispersant properties compared with hardwood 

lignin-based counterparts. Moreover, the softwood lignin-based amphiphilic derivatives 

displayed even higher cement dispersibility than LS since only half of the amount of 

softwood lignin-based dispersants was necessary to achieve the same cement dispersibility 

compared to the use of unmodified LS. The chemical modification of lignins with PEG 

segments has also been reported to yield PEGylated lignins with potential application as 

thickener in bio-lubricant formulation [154] and bio-based surfactants [155]. Yet, the 

discussion on the dispersion mechanisms involved is quite limited. 
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An alternative pathway to modify lignin that has been reported consists in the reaction of 

lignin with glyoxal in an alkaline medium, resulting in the corresponding ethylol derivative 

suitable for adhesive applications. Besides glyoxalation, side lignin reactions take place 

leading to its depolymerization and repolymerization via condensation reactions yielding 

adducts with interesting structural properties [191–193]. 

In the last two decades, reversible deactivation radical polymerization techniques 

(RDRP), such as atom transfer radical polymerization (ATRP) [259,260] and reversible 

addition-fragmentation chain transfer (RAFT) [261], have been employed to produce regular 

polymers including the modification of lignocellulosic natural polymers. Regarding lignin 

modification, the grafting of softwood LS and KL with poly(3-sulfopropyl methacrylate) 

(PSPMA) and poly(methacrylic acid) (PMAA) anionic grafts via ATRP at pH 11 was 

reported [156]. compared with PEGylated lignin analogues and the commercial PCE 

superplasticizer. The best results approaching the performance of commercial PCE were 

achieved when using PMAA-grafted LS. It was suggested that the chemical nature of the 

grafted chains has a strong effect on the dispersant properties of the ensuing material. 

Adsorption, zeta potential, and intrinsic viscosity were measured for the grafted lignin 

analogues in order to examine the correlation between lignin and the chemical nature of the 

grafted chains in the cement dispersion mechanisms. Yet, no straightforward conclusions 

could be drawn due to the complexity of the system. 

The purpose of this study was to enhance the dispersant properties of LS for further 

application in concrete formulations using different strategies. The first approach consisted 

on LS polymerization via laccase-oxidative polymerization without any mediators [293], 

followed by a second approach, which consisted on the POM-mediated laccase oxidation of 

LS (to complement the first strategy). In the third approach, the LS modification was carried 

out using RAFT polymerization with 2-(dodecylthiocarbonothioylthio)-2-methylpropionic 

acid (DDMAT) as the RAFT agent. Then, a fourth approach consisting on LS glyoxalation 

was examined. Finally, the modification of LS using two different epoxidized oligomer 

derivatives, poly(ethylene glycol) and poly(propylene glycol) diglycidyl ethers, PEGDE and 

PPGDE, respectively, was performed. In order to assess the dispersant performance of the 

samples, the fluidity/workability of cement pastes prepared with the different modified LS 

was determined and compared with the results obtained for cement pastes prepared with 
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unmodified LS and two different commercial petroleum-based superplasticizers, PCE and 

NSF. 

 

5.3. LS MODIFICATION VIA LACCASE POLYMERIZATION 

Laccase-catalyzed oxidative polymerization of purified eucalyptus LS from SSL was 

carried out under previously pre-selected conditions (temperature, exposure time, pH, 

different enzymatic loads) without using any mediators [320]. The optimal oxidation 

temperature used and the reaction time were 40 ºC and 90 min, respectively. Although the 

optimum reaction temperature applied in this study is in agreement with that reported 

previously by Areskogh and co-workers [125], the optimum recommended pH of laccase 

nearly 7 was not used in the present work because the natural pH of purified LS solution was 

nearly 3.5 and the pH increase to 7 by NaOH addition led to partial release of sulphonic 

groups. Consequently, the pH of the reactions with laccase was kept close to 4.5 according 

to the pH range 4–8 recommended by the laccase producer. 

The results of enzymatic oxidation revealed the possibility of an 11-fold increase of the 

initial eucalyptus LS’ Mw, i.e., from 3240 Da up to 36800 Da, without using any external 

mediators (Figure 21). These results are in agreement with those obtained in a previous work 

by Areskogh with co-workers [125], who demonstrated that laccase polymerization of 

commercial lignosulphonates without using mediators led to a significant Mw increase 

including the reduction of phenolic hydroxyls along with only minor structural changes. In 

addition, Leonowicz and co-workers [127] using lignin models provided evidence of the 

possible different oxidation routes involved in the reaction with laccase at low (ca. 3.5) and 

nearly neutral pH. 
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Figure 21. Changes in MW of LS modified by laccase oxidation at 40 ºC. Laccase loads varied within 

the range of 42-500 U‧g–1 of LS. 

 

In order to assess the eventual structural changes of LS in reaction with laccase the ATR-

FTIR and UV-Vis spectroscopy analyses have been carried out to compare LS before and 

after laccase treatment. The modified LS were soluble in water and exhibited structural 

changes compared to the initial LS as revealed by UV-Vis analysis (Figure 22). The UV-Vis 

spectra showed a new band with a maximum at around 360 nm attributed to an increased 

amount of conjugated phenolic structures with α-carbonyl groups or double bonds [33,321].  

 

 

Figure 22. UV-Vis spectra of initial and modified LS for 30, 60 and 90 min (laccase load of 166 

U‧g–1 of LS). 
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The intensity of this band increased in time indicating the increased abundance of this 

type of structures compared to unmodified LS. Areskogh and co-workers [322] studied the 

reaction mechanism of laccase oxidation without mediators for several phenolic end-group 

lignin models. They considered the oxidation of benzylic carbon to corresponding keto group 

in the side chain as a non-productive reaction pathway with no possibility to obtain oxidation 

coupling products, i.e., dead-end reactions hindering further lignin polymerization. In fact, 

the LS solution became much darker than before laccase modification, thus showing the 

extensive formation of chromophore groups.  

FTIR-ATR spectra of the initial and modified LS (laccase load of 500 U‧g–1 of LS) are 

depicted in Figure 23, where the main spectra differences are highlighted. The splitting of 

the band at 1592 cm–1 (associated with the aromatic skeleton vibrations in the original LS) 

into a doublet at 1660 cm–1 confirms the presence of conjugated structures with aromatic 

double bonds, along with the reduction of the number of phenolic hydroxyls and methoxyl 

groups content (absorption bands at 1220 and 1114 cm–1) [303,308]. 

 

 

Figure 23. FTIR-ATR spectra of LS (solid line) and modified LS (dashed blue line) (laccase load of 

500 U‧g–1). 

 

Further chemical and structural analyses of the modified LS were carried out using 

quantitative 13C NMR supported by 1H-13C NMR (HSQC) spectra. Since 13C NMR spectra 
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of LS modified using high loads of laccase (250 and 500 U‧g–1 of LS) revealed pronounced 

amounts of concomitants from laccase sample overlapping with the lignin signals, so only 

the spectra of LS modified with a laccase load of 83 U‧g–1 of LS are presented. The signals 

in 13C NMR spectra of both initial and modified LS (Figure 24) were assigned based on the 

NMR database of Eucalyptus globulus lignin [309,310] and corresponding LS [24,310] as 

well as sulphonated lignin model compounds [52,53,311].  

 

 

Figure 24. Quantitative 13C NMR spectra (D2O, 295 K) of LS (top figure) and modified LS (bottom 

figure) in laccase-catalyzed oxidation at 40ºC and laccase load of 83 U/g. 

 

Structural assignments were confirmed by HSQC spectra (Figure 25) according to the 

previously inferred assignments [24,310]. However, after purification, lignosulphonates still 

contained xylo-oligosaccharides [51,297] and, in the case of modified LS, laccase 

concomitants that hindered the full spectra assignments.  
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Figure 25. HSQC NMR spectra (D2O, 295 K) of LS (top figure) and modified LS (bottom figure) 

in laccase-catalyzed oxidation at 40 ºC and laccase load of 83 U‧g–1. 

 

The comparison of 13C NMR spectra of initial and modified LS (Figure 24) evidenced the 

abrupt reduction in intensity of the peak centred at ca. 148.6 ppm in modified LS assigned 

to the C4 in etherified guaiacyl (G) units and C3/C5 in phenolic syringyl (S) structures. 

Simultaneously, the resonance intensity of the peak centred at ca. 152.8 ppm assigned to the 
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C3/C5 in etherified S units increased substantially. These features indicated clearly the 

formation of new aryl ether bonds upon LS oxidative modification with laccase. 

The quantification of the main lignin structures in LS is summarized in Table 11. The 

calculations were carried out per aromatic ring (C6) according to previously established 

methodology [24,309]. The aromatic region equivalent to six carbon atoms was integrated 

at 102–160 ppm and the calculations of structural elements were carried out per aromatic 

ring (nx = Ix/(I102-160/6)). The tertiary carbons in aromatic ring were integrated at 102–124 

ppm, quaternary at 124-136 ppm and oxygenated at 136–160 ppm (Figure 24). The ratio S:G 

was calculated based on the amount of tertiary carbons in corresponding units (in the S at 

102–110 ppm and in the G at 110–124 ppm) [309]. The abundance of lignin structures linked 

by β-O-4′ bonds was calculated based on signal integrals at 59.0–61.0 ppm (Cγ resonance in 

β-O-4′ structures). Similarly, the abundance of phenyl coumaran (β-5′) and 

pino/syringaresinol (β-β′) structures was assessed based on Cβ resonances in corresponding 

structures (Figure 24).  

 

Table 11. Structural elements of initial and modified by laccase oxidation lignosulphonates (LS) as 

assessed by quantitative 13C NMR (per 100 phenyl propane units).* 

Structural elements LS Modified LS 

β-O-4’ structures 41 38 

β-5’ + β-β’ structures 5 5 

COOH 10 17 

Ar-COOH 2 3 

Cα=O 2 5 

OCH3 158 139 

Ar-H 198 174 

Ar-C 148 155 

Ar-O 254 271 

S:G ratio 79:21 70:30 

*LS modified with laccase load of 83 U‧g–1 

 

The results from the quantitative 13C NMR spectra (Table 11) did not show significant 

changes in the main lignin structures (β-O-4′, β-5′ and β-β′), but confirmed the decrease in 

the tertiary carbons and the simultaneous increase in quaternary and oxygenated carbons of 

the aromatic ring in the laccase modified LS. This means the formation of new Ar-C and Ar-

O linkages upon oxidative modification of LS mediated by laccase. More specifically, 
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looking at the balance between Ar-H, Ar-C and Ar-O in initial and modified LS, it could be 

concluded that nearly one-third of newly formed substitutions in the aromatic ring belong to 

Ar-C and two-thirds to Ar-O-C type structures. This feature is apparently due to the coupling 

of Ar-O and Ar or Alk radicals giving rise to one-electron oxidized phenolic lignin structures 

(Figure 26). Accordingly, the most probable structures formed are those of aryl ether and 

biphenyl types. The first ones are confirmed by the sharp increase of the resonance centred 

at 133.8 ppm of modified LS assigned to C5 in 4-O-5´ structures and the second ones by the 

increase of signal intensity at ca. 127 ppm assigned to C5 in 5-5´structures [323]. In addition 

to 5-5' bonds, the other biphenyl linkages could probably also be formed, but these were not 

clearly detected. Some decrease of the amount of methoxy groups after laccase treatment 

could be tentatively explained by the reduction of the S/G ratio from 79:21 in initial LS to 

70:30 in the modified LS (Table 11). This may be due to the fact that some part of low 

molecular weight S structures were degraded during the catalytic oxidation or was eventually 

involved in radical substitution reactions at C3 with the elimination of methoxy group.  

 

 

Figure 26. Schematic representation of oxidative lignin polymerization catalyzed by laccase. Radical 

coupling leads to formation of new aryl ether (top figure) and biphenyl structures (bottom figure). 

 

No significant changes in the amounts of sulphonic groups of LS after the oxidative 

modification catalysed by laccase was registered (Table 12). This was probably the reason 

why the zeta-potential of modified lignins were also comparable to that of unreacted LS.  
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Table 12. Contents of sulphonic and phenolic groups and zeta-potential values of initial and 

modified by laccase oxidation lignosulphonates (LS). 

Sample* SO3H (% w/w) OHphen (% w/w) Zeta Potential (mV)  

LS 21.1 (±0.6) 3.0 (±0.4) –25.6 (±0.9) 

Modified LS (83) - - –24.9 (±0.9) 

Modified LS (250) 21.4 (±1.6) 2.6 (±0.4) –24.0 (±0.5) 

Modified LS (500) 21.2 (±0.9) 2.5 (±0.3) –23.4 (±0.7) 

* Laccase loads (83, 250 and 500 U‧g–1) in the catalyzed oxidation of LS are depicted in parenthesis. 

 

Some decrease in the amount of phenolic groups after the biocatalytic oxidation of LS 

could be explained by coupling reactions of phenolic LS units leading to the increasing of 

its molecular weight (Figure 22). Regarding the oxidized groups, such as carbonyl and 

carboxyl, these were increased noticeably after the enzymatic treatment (Table 11). Thus, 

the content of α-carbonyl groups increased more than twice and the amount of aromatic 

carboxyl 1.5 times after the enzymatic treatment of LS even at the lowest laccase load (83 

U‧g–1) (Table 11). However, the total amounts of carbonyl and carboxyl groups still 

remained moderate. The more significant oxidation of benzylic carbons was hindered by the 

presence of sulphonic groups in the α-position of LS [324]. The increase of the amounts of 

α-carbonyl groups is one of the reasons for the increment of UV spectra absorbency (Figure 

22) in the range of 300–350 nm [33].   

The modified LS showed also an increased amount of aliphatic carboxylic groups 

integrated in the 13C NMR spectra at 173–179 ppm (Table 11). These groups apparently 

belong to concomitant extractives and bound carboxylic acids that were not removed during 

the dialysis. Hence, it can be proposed that these COOH-containing molecules belong to the 

contaminants in the commercial laccase used for the lignin modification. At least these 

resonances increased proportionally to the amount of laccase applied in the biocatalytic 

oxidation.   

The ensuing modified LS (solution with ca. 100 g‧L–1 of LS) were concentrated by 

evaporation at 80 ºC under vacuum to obtain a final product mimicking the thick liquor 

containing a solids content of 40 % w/w, as required for concrete additives. Surprisingly, the 

LS concentration led to ca. 3-fold decrease in Mw of the modified LS (from nearly 30 kDa 

to nearly 10 kDa). This outcome indicates that at least part of the newly formed linkages is 

relatively labile under acidic conditions and moderate temperature (pH 3.5–4, 80 ºC). This 
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is certainly not a case of aryl ether and biphenyl structures that are stable under these 

conditions. Most likely some kind of semi-acetal type linkages could be formed between 

lignin functionalities and carbohydrate complex both in the composition of LS and in laccase 

formulation. Hence, the mechanisms involved in lignin polymerization under oxidative 

modification catalyzed by laccase still need further studies.   

 

5.4. LS MODIFICATION VIA OTHER STRATEGIES 

5.4.1. POM-mediated oxidative polymerization of LS 

Polyoxometalates (POMs) can be inorganic mediators in lignin oxidation by laccase, 

when one-electron oxidized lignin molecules are polymerized by radical coupling and the 

reduced POMs in turn are reoxidised by laccase under aerobic conditions [318]. In this study, 

SiW11Mn, PMo11V and PMo10V2, were used for the oxidative polymerization of LS in order 

to increase its Mw. POM-mediated oxidative polymerization by laccase was compared to LS 

oxidation with POM or laccase alone for comparative purpose (Table 13).  

 

Table 13. Molecular weight of LSF modified by laccase with and without POM (40 °C). 

Sample Material 
Mw (Da) 

0 min 

Mw (Da) 

60 min 

1 LSF 3240 ‒ 

2 LSF‒laccase * ‒ 11015 

3 LSF‒SiW11Mn ‒ 4500 

4 LSF‒SiW11Mn‒laccase * ‒ 4820 

5 LSF‒PMo11V ‒ 3430 

6 LSF‒PMo11V‒laccase * ‒ 2880 

7 LSF‒PMo10V2 ‒ 3300 

* – Laccase loads of 85 U.g-1 LS. 

 

As expected from previous studies [125,293], the enzymatic oxidation of LSF without 

mediator yielded a modified LS (run 2, Table 13) with significantly increased Mw. Indeed, 

the Mw increased from 3240 Da to 11015 Da after a 60 min reaction time without using any 

external mediators and enzyme load of 85 U‧g–1 LS. However, when POMs were used as 

mediators for laccase oxidation of LS, reactions were not as successful as when using only 
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laccase, in terms of increase of Mw. When SiW11Mn was used as a mediator, only a slight 

increase of Mw was observed (run 4, Table 13), from 3240 up to 4820 DA, probably due to 

the sinergetic effect reported by Kim and co-workers [318] leading to oxidative 

polymerization of LS, but not as effective as when using laccase alone. In contrast, PMo11V 

was used as a mediator and Mw decreased (run 6, Table 13) compared to the initial Mw value 

of unmodified LS (sample 1, Table 13) thus contributing to the LS oxidative 

depolymerization that prevailed over polymerization [146,149,325]. For this reason, the 

system LSF‒PMo10V2–laccase was not examined. Finally, when each POM was used alone 

without laccase, only a slight increase of Mw was observed when using SiW11Mn (run 3, 

Table 13) while both PMo11V and PMo10V2 practically did not alter the Mw of LS (runs 5 

and 7, respectively) suggesting that the LS structure was not affected by these two POMs 

and probably no significant chemical/structural modification of LS took place.  

In order to assess the eventual structural changes of LS after modification by POM and 

POM-mediated laccase oxidative treatment, ATR-FTIR and UV-Vis spectroscopy analyses 

were carried out to compare LS structure before and after modification with SiW11Mn. 

FTIR-ATR spectra of the initial and modified LS are depicted in Figure 27. The spectra are 

quite similar except for the weak band at 1648 cm–1 in the spectrum of SiW11Mn-mediated 

laccase-modified LS (LSF‒SiW11Mn‒laccase, Figure 27c) related to the presence of 

conjugated structures with aromatic double bonds along with an apparent slight reduction of 

phenolic hydroxyl and methoxyl group content (absorption bands at 1204 and 1110 cm–1, 

respectively) [303,308]. Similar features were already observed in our previous work [293], 

where laccase was used without any mediator. The similarities between LS and SiW11Mn-

modified LS (LSF‒SiW11Mn) spectra suggest that the POM used in the reaction, SiW11Mn, 

did not change significantly the chemical structure of LS, probably due to the lack of 

reactivity.  
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Figure 27. FTIR-ATR spectra of (a) LSF, (b) SiW11Mn-modified LS (LSF‒SiW11Mn), and (c) 

SiW11Mn-mediated laccase-modified LS (LSF‒SiW11Mn‒laccase). 

 

The UV-Vis analysis (Figure 28) corroborated the FTIR results. A similar laccase 

oxidative treatment of LS in the absence of any mediator was carried out for comparison. It 

is clear that when using only POMs (Figure 28a), the band with a maximum at around 360 

nm, attributed to an increased amount of conjugated phenolic structures with α-carbonyl 

groups or double bonds [33,321], was not observed. Additionally, only a slight increment 

(almost negligible) of the band around 360 nm was detected (Figure 28b) for the samples 

obtained from the POM-mediated laccased oxidative polymerization of LS. This clearly 

corroborates the FTIR analysis: i.e., POMs do not alter the chemical structure of LS and 

when used as mediators, only impart slight changes to the molecular weight.  

Overall, the results obtained showed that, in this case, and considering the reaction 

conditions, the chosen POMs did not significantly affect the chemical structure of LS even 

when used as mediators for laccase oxidative modification. Therefore, different approaches 

were considered to prepare LS-based materials with enhanced dispersant characteristics 

while preserving the primary structure of LS. 
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Figure 28. UV-Vis analysis of (a) POM-mediated laccase-modified LS (LS-POM-laccase), and (b) 

POM-modified LS (LSF-POM-laccase), where POM is SiW11Mn or PMo11V. Comparison with 

unmodified LS and laccase oxidative polymerized LS (LSF-laccase). In laccase treatments, laccase 

load was 85 U‧g–1 LS.  

 

RAFT polymerization of LS. The first alternative method studied was the “grafting-from” 

approach via RAFT using DDMAT as the RAFT agent. DDMAT, which is a carboxyl-

terminated thiocarbonate, has a very high chain-transfer efficiency allowing control over the 

radical polymerization [326]. Attempts to solubilize DDMAT in water at low pH (around 4) 

and LS in organic solvents, such as tetrahydrofuran (THF) and pyridine [327–329] were 

unsuccessful. Additionally, other attempts were explored, such as preparing solvent mixtures 

by dissolving LS in water and DDMAT in other solvents namely THF and dimethyl 

sulfoxide among others. However, the results were unsatisfactory.  

Glyoxalation of LS. In another approach, the glyoxalation of LS in alkaline medium was 

carried out [191], during which hydroxyl groups in ethylol moieties are expected to be 

introduced in the LS structure. In addition, the eventual depolymerization/repolymerization 

of lignin via crosslinking yielding adducts with increased Mw was expected [191–193]. 

Unfortunately, the high pH (> 12) necessary to carry out the glyoxalation reaction probably 

led to changes in the LS structure with the apparent loss of water solubility. As the pH of the 

LS solution was increased from initial 4.3 up to 12, by adding NaOH solution, LS started to 

precipitate hindering further reaction with water soluble glyoxal. The precipitation of LS 

was observed most probably due to the partial desulphonation of LS under these conditions 

and/or by known reaction of sulfonic groups with aldehyde moieties with the formation of 

the corresponding semi-acetal adducts favouring the gel formation. 
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Finally, a third approach was considered, which involved the modification of LS using 

PEG and PPG derivatives, such as PEG and PPG diglycidyl ethers, PEGDE and PPGDE, 

respectively, which will be discussed next in detail.  

 

5.4.2. Modification of LS with PEGDE and PPGDE 

Grafting PEG moieties onto lignin occurs via nucleophilic substitution through phenolic 

hydroxide groups usually under moderately alkaline pH conditions (pH > 11) [155]. Previous 

studies [151,154] reported the successful modification of lignin with epoxidized PEGs in 

alkaline medium via epoxy ring-opening reaction. However, in the present study, alkaline 

pH could not be considered since it compromises the water-solubility of our acidic LS due 

to its partial desulfonization. Nevertheless, the first syntheses were carried out in alkaline 

medium (with the addition of NaOH until pH ~13). However, due to the apparent 

precipitation of the LS from the solution, this procedure was discontinued. Instead, 

experiments were then carried out in water at an initial pH of 2.5 (LS solution) before adding 

PEGDE or PPGDE. The purified LSG was used in these experiments simulating the 

industrial thick liquor usually used for the concrete additives. 

FTIR spectroscopy was used to confirm the structural changes resulted after LS 

modification. Figure 29 shows the spectra of LS, LS modified with PEGDE (LS-PEG) and 

LS modified with PPGDE (LS-PPG). The grafting modification of LS can be confirmed 

through the presence of a characteristic absorption band at 1250–1210 cm–1 assigned to the 

stretching vibration of C–O–C in the PEGDE structure [330]. Furthermore, the significant 

decrease in the relative intensity of the OH band around 3350 cm–1 in the spectra of LS-PEG 

and LS-PPG indicates part of LS hydroxyl groups was consumed during the epoxidation 

reaction, which was more pronounced in the case of LS-PPG (Figure 1). The characteristic 

aromatic bands of LS at 1604, 1510, and 1420 cm–1 [302–304,308] decreased considerably 

in LS-PEG and LS-PPG because the final product includes not only LS but also PEG or PPG 

moieties. 

Additional structural analysis of purified LS, PEG-modified LS (LS-PEG) and PPG-

modified LS (LS-PPG) was conducted using quantitative 13C NMR and the spectra are 

presented in Figure 30. Comparing the spectra of LS-PPG and LS-PEG with LS, it is clear 

that the main differences before and after LS modification occur in the range between 43  
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Figure 29. Normalized FTIR-ATR spectra of (a) LS, (b) LS epoxidized with PPGDE (LS-PPG), and 

(c) LS epoxidized with PEGDE (LS-PEG). 

 

and 80 ppm where signals from LS and the PPG/PEG moieties overlap. The expected 

chemical shifts for the majority of the carbons are quite similar. Therefore, it was not 

possible to differentiate and identify most of them. Yet, using the ChemNMR 13C Prediction 

tool from ChemDraw Professional software, a few signals from PPG and PEG moieties in 

each product were identified. Considering the spectrum of PPG-modified LS (Figure 30c 

and Table 14), the signal at 78.4 ppm is related to the carbon linked to the methyl group 

(blue carbon in the structure) distributed along the PPG chain. In turn, the signal at 62.7 ppm 

is related to the carbon linked to the OH group included in the terminal group of the PPG 

chain (green carbon). The signal at 15.2 ppm is assigned to the carbon from the methyl 

groups in the PPG chain (orange carbon). Analysing the spectrum of PEG-epoxidized LS 

(Figure 30b), the signal at 78.1 ppm is assigned to the carbon linked to the oxygen in the 

PEG chain (blue carbon). In the same way as in the previous spectrum, the signal at 62.7 

ppm corresponds to the terminal carbon in the PEG chain (green carbon). Due to the 

overlapping of signals from LS and PEG/PPG and the fact that most of the carbons in the 

PEG and PPG are expected to induce identical chemical shifts in the range 72-78 ppm, it 

was not possible to determine the content of PPG/PEG grafted to the LS structure. Yet, upon 
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the analysis of signals 1, 2, 3 and 4 in all spectra, a subtle difference is observed specially in 

the intensity of dual signal 4 and unresolved signal 3, which decreased in the spectrum of 

PPG-modified LS and were assigned to C4 in phenolic guaiacyl (G) and syringyl (S) 

structures, respectively [24,52,53,311,331,332]. On the contrary, the intensity of signals 1 

and 2, which assignments are described in Table 14, did not change so much upon LS 

modification. The remarked difference in signal intensity, showing in the decrease of 

intensity of signals 3 and 4 in the spectrum of PPG-modified LS confirmed that PPG-grafting 

occurred at least via reaction of phenolic hydroxyl groups in G/S structures with epoxy 

moieties of PPGDE, as illustrated in Figure 30c.  

Based on the 13C NMR spectra analysis, the content of phenolic OH groups in G structures 

(signal 4 in Figure 30) and of the methyl groups in the PPG chain were determined and the 

calculations were carried out per one hundred aromatic rings (100 C6) according to 

previously established methodology [24,309,310]. The content of phenolic OH groups in G 

structures present in LS is quite similar to the one in PEG-modified LS, 26 and 28 per 100 

C6, respectively. These results suggest that phenolic OH groups did not react or at most 

reacted in small extent with PEGDE, which is in agreement with the FITR analysis (Figure 

30c). Since phenolic OH groups in syringyl (S) structures are expected to be less reactive 

than in G structures due to steric hindrance, it is possible that the reaction of LS with PEGDE 

resulted only in a negligible modification of LS with no relevant changes in LS structure. 

Moreover, the molecular weight of PEG-modified LS was similar to the one of unmodified 

LSG (ca. 3500 Da). This indicates that the resonances from the PEG moieties in the spectrum 

(Figure 30b) probably derive from PEGDE homopolymer formed during the reaction and 

that were not removed during the purification by dialysis. Therefore, the product analysed 

by FTIR and 13C NMR could actually be a mixture mainly composed of LS and PEG 

homopolymer. On the contrary, the content of phenolic OH groups in G structures present 

in PPG-modified LS is 15 per 100 C6 against 26 per 100 C6 in LS clearly confirmed that 

some of these groups reacted with PPG derivative (PPGDE). This is in agreement with FTIR 

analysis (Figure 29b) where a reduction of the intensity of the band assigned to hydroxyl 

groups was observed. However, due to the overlapping the various resonances (Table 14), 

the accurate calculation of reacted phenolic groups in S structures (signal 3, Figure 30) was 

impossible. Additionally, the content of methyl groups in the PPG chain is 280 per 100 C6. 

Even if PPGDE homopolymer was produced during the reaction and was retained in the  
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Figure 30. Quantitative 13C NMR spectrum of LS (a), PEG-modified LS (b) and PPG-modified LS 

(c) in D2O at 295K. 
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Table 14. Assignment of carbon signals in 13C NMR spectra of LS and modified LS 

[24,52,53,309–311]. 

Signal δC (ppm) Assignment 

LS, PEG-modified LS and PPG-modified LS (all spectra) 

1 152.8 C3,5 in etherified S structures 

2 148.1 C3 and C4 in etherified G, C4 in etherified S structures 

3 148.0 C3,5 and C4 in phenolic S structures 

4 145–146 C4 in phenolic G structures and tannins 

PEG-modified LS 

- 78.4 -CH2-CH2-O- 

- 62.7 -CH(OH)-CH2-OH 

PPG-modified LS 

- 78.4 -CH2-CH(CH3)-O- 

- 62.7 -CH(OH)-CH2-OH 

- 15.2 -CH3 

 

purified fraction of PPG-modified LS product after dialysis, results clearly corroborate that 

modification of LS with PPG derivative occurred.  

Regarding the possible reactions of aliphatic hydroxyls of LS, these were discarded due 

to the very small amount of secondary hydroxyls in LS [52,53], and the practically 

unchanged intensity of resonance centred at ca. 61.0 ppm (CγH2OH in β-O-4´ structures) in 

the quantitative carbon spectra before and after the reaction with PEGDE/PPGDE. 

Considering this situation, the structures of some possible ensuing products derived from 

the reaction between phenolic groups and PPGDE are depicted in Figure 31, including the 

structure of PPGDE homopolymer (Figure 31c). It is possible that PEGDE did not react with 

LS due to its higher �̅�n (500 g·mol–1) compared to PPGDE (�̅�n ~380 g·mol–1), which may 

hinder its mobility. Considering this possibility along with the aformentioned steric 

hindrance of LS aromatic structure, it is possible that epoxide groups in one PEGDE 

molecule reacted preferably with epoxide groups of another molecule or with water, thus 

favouring the formation of PEG homopolymer (Figure 31c). In fact, PEGDE has been 

considered more reactive in homopolymer formation than PPGDE [151–153]. In turn, the 

most probable scenario of LS reaction with PPGDE could be the acid-catalysed 

etherification but without crosslinking adjacent molecules (Figure 31a), because the 

molecular weight of obtained derivatives was increased insignificanly (ca. 3800 Da). 
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LS are anionic surface-active polymers due to their sulfonic and carboxylic groups. 

Therefore, LS zeta potential values are highly negative (Table 15). Laccase-oxidation of LSF 

resulted in modified LS with increased Mw, (Figure 21) but the content of oxidised functional 

groups did not change significantly since the zeta potential values remained similar to that 

of unmodified LSF. In the case of modified LSG, LSG-PEG and LS-PPG, the reaction did 

not cause much Mw increase of the modified LS and the content of functional groups 

apparently did not change since the zeta potential values are similar to patent LS. Of 

particular relevance is the fact that the zeta potentials values of LS and modified LS are quite 

similar to that of NSF, which was expected since NSF also comprise sulfonic groups (Figure 

9). The zeta potential of PCE, however, is -4.7 mV probably due to its lower fraction of 

ionizable groups per molecule and the larger diffusional path in the electric double layer.  

 

 

Figure 31. Reaction scheme of LS modification with PPGDE including some possible ensuing 

products. 
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Table 15. Zeta potential values of unmodified LS and modified LS by laccase oxidation and 

epoxidation with PEGDE and PPGDE. 

Material C (g/L) pH 
Zeta potential 

(mV) 
Reference 

LSF 0.51 4.4 -25.6 (± 0.9) [293] 

LSF-laccase (83) * 0.51 4.3 -24.9 (± 0.9) [293] 

LSF-laccase (250) * 0.51 4.5 -24.0 (± 0.5) [293] 

LSF-laccase (500*) * 0.51 4.6 -23.4 (± 0.7) [293] 

LSG 0.51 4.6 -20.9 (± 1.1) – 

LSG-PPGDE 0.57 6.3 -21.1 (± 0.8) – 

LSG-PEGDE 0.61 6.3 -19.9 (± 0.9) – 

NSF 1% v/v 7.0 -29.3 (± 3.4) – 

PCE 1% v/v 5.3 -4.7 (± 1.6) – 

*Laccase loads of 83, 250 and 500 U g−1 of LS 

 

5.4.3. Flow table test of cement pastes 

To assess the performance of modified LS regarding the dispersant characteristics for 

concrete formulation, the workability/fluidity of cement pastes used in concrete formulations 

with different admixtures/dispersants (according to Table 4) was studied. The same cement 

paste formulation was used differing only on the dispersant employed. The flow table test 

was used for this purpose and the results are depicted in Figure 32. Results obtained from 

the different modified LS products were compared with those from unmodified LS/SSL 

(used as reference and as the minimum value) and with results obtained using two distinct 

commercial superplasticizers, NSF and PCE.  

 

 

Figure 32. Spread values determined by the flow test table (the relative errors did not exceed 5%). 
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The results show clearly that the different unmodified LS/SSL, modified LS and 

superplasticizers, display different dispersant characteristics. Both PCE and NSF yielded the 

highest cement paste spreading reaching about 300 mm, clearly indicating its 

superplasticizer ability. Comparing both commercial superplasticizers, the best results were 

revealed by PCE, especially after 60 min run. This shows that PCE has a retarding effect on 

the cement paste hardening, allowing higher working time compared to NSF. As already 

mentioned, the high dispersant efficiency of PCEs is related to both electrostatic repulsion 

and steric hindrance between their nonionic side chains (Figure 9) [110,111,331], which 

stretch out into the solution and act as a steric barrier keeping the cement particles at a 

distance [331,332]. As a consequence, polymeric superplasticizers adsorb on the surface of 

the cement particle assuming a favourite conformation. This favourite conformation is 

distorted when a polymer-coated particle approaches another polymer-coated particle. 

Subsequently, when polymer layers start to overlap, a repulsive steric force emerges [333]. 

Electrostatic repulsion is related to the surface charge, which arises from the dissociation of 

surface groups and/or specific adsorption of ions or ionic polymers in water, as well as to 

the amount of the surface ionizable groups [333]. 

Noteworthy is the fact that cement pastes prepared with unmodified LS/SSL, laccase-LS 

and POM-laccase modified LS products displayed similar fluidity results and much smaller 

than those obtained using the commercial superplasticizers (around 190 mm at 8 min and 

around 169 mm at 60 min). This indicates that laccase oxidative modification of LS with or 

without any mediator, did not affect the dispersant properties of the product. In fact, this is 

in agreement with the fact that the use of POM for the modification of LS or as mediator in 

the laccase modification of LS did not change significantly the structure of LS (Figure 27 

and Figure 28). Therefore, a spreading behaviour similar to the one obtained using 

unmodified LS/SSL would be expected.  

Gelardi and co-workers [109] have reported that LS comprising a degree of sulfonation 

up to 0.5–0.7 per phenyl propane unit exhibited optimized water solubility and plasticizing 

effect as is the case of eucalypt LS used in this study, which contains 0.57 sulphonic groups 

per phenyl propane unit [297]. the results obtained in the present work show that LS 

dispersant properties are far from comparing to those of commercial superplasticizers. This 

is due to the fact that LS dispersant and adsorption mechanism is affected by electrostatic 

repulsion forces, is pH dependent and influenced by the formation of aggregates [316]. Due 
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to the presence of sulphonic groups in LS structure (just like in NSF), LS can bind to the 

positively charged cement particles, causing electrostatic repulsions, which hinder the 

agglomeration of the fresh cement mixture, i.e., prevent flocculation of cement particles 

resulting in an increase of its fluidity [317]. Considering the fact that the fluidity of the 

cement paste was not significantly enhanced when using LS modified via laccase-oxidative 

polymerization (with increased Mw of 36 800 Da [293] but mostly unaltered zeta potential) 

suggests that the number of ionizable groups did not change much, as proposed by Areskogh 

and co-workers [293]. Indeed the increase of the number of sulphonic groups is required to 

chelate calcium ions hence, modifying the adsorption of LS on the surface of cement 

particles, by altering the electrostatic repulsion and improving fluidity [150,317,334]. 

Therefore, this outcome suggests that the sole increase of molecular weight of LS is not 

crucial or even relevant to enhance the dispersing properties of LS. 

The modification of LS with PEGDE or PPGDE yielded products that displayed 

completely distinct dispersant behaviour when tested in cement pastes (Figure 32). PEG-

modified LS gave rise to spreading values (152 mm at 8 min and 142 mm at 60 min) quite 

below those obtained for unmodified LS and SSL (185 mm at 8 min and 161 mm at 60 min). 

This could be explained by the fact that the product is most probably composed of a mixture 

of PEG homopolymer and unmodified, or only slightly modified LS, therefore not 

comprising structural features that could enhance its dispersant properties. In contrast, PPG-

modified LS clearly afforded a cement paste with remarkably enhanced fluidity (229 mm at 

8 min and 200 mm at 60 min) compared to the cement paste formulated with unmodified 

LS/SSL (185 mm at 8 min and 161 mm at 60 min). According to the FTIR and 13C NMR 

chemical and structural analyses of this product, PPG chains were grafted to the phenolic 

moieties in LS as illustrated in Figure 31a. Even with the possible presence of PPG 

homopolymer, the dispersant properties of this product were undoubtedly improved 

compared to unmodified LS/SSL probably due to the presence of polyether chains (just like 

in PCEs) that are responsible for the steric hindrance effect. Consequently, it is possible that 

the dispersant efficiency of PPG-modified LS is due to electrostatic repulsion (caused by the 

ionizable groups such as sulfonic groups) combined with steric hindrance (due to the grafted 

PPG chains). These results show that PPG-modified LS (with a LS:PPGDE ratio of 1:2) 

could be a promising dispersant for concrete formulations.  
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Based on these promising results, new formulations of PPG-modified LS were prepared 

with higher PPG content (LS-PPGDE ratios of 1:3 and 1:4). The fluidity of cement pastes 

containing these products was similar to the fluidity of cement pastes comprising unmodified 

LS/SSL. Therefore, it is plausible that the reaction conditions as well as the higher load of 

PPGDE were favourable to the formation of PPG homopolymer. Even with the modification 

of LS, the presence of more PPG homopolymer may reverse the dispersant effects of the 

product, due to the higher concentration of PPG homopolymer in solution, which would 

probably interfere with the adsorption of PPG-modified LS onto the surface of the cement 

particles. 

5.5. CONCLUSIONS 

Laccase-catalyzed oxidative polymerization of eucalyptus lignosulphonate (LS) under 

optimized conditions allowed a significant increase in LS molecular weight up to 11-fold 

from 3240 Da to a maximum of 36800 Da without the use of mediators in a considerable 

short reaction time (90 min). The mechanism of the oxidative polymerization process 

includes radical coupling of laccase catalyzed one-electron oxidized phenolic units, leading 

to the formation of new aryl ether and biphenyl bonds, the former being the most frequent. 

Although the total amounts of carbonyl and carboxyl groups increased it still remained 

moderate. At the same time part of syringyl structures were degraded leading to some 

decrease in S/G ratio after the oxidation of LS in the presence of laccase. Noteworthy, part 

of the newly formed bonds of unknown origin formed via oxidative polymerization are 

temperature labile and cleaved during concentration of modified LS at pH 4 and 80 °C during 

evaporation under vacuum, which led to noticeable reduction of the molecular weight of the 

modified lignin. 

Other chemical modification strategies were used to improve LS dispersion efficiency for 

concrete formulations. The increase of the molecular weight of LS through POM-mediated 

laccase modification of LS did not significantly change the LS structure. Subsequently, other 

approach-es to LS modification were examined, albeit unsuccessfully in relation to LS 

glyoxalation and RAFT polymerization grafting. Finally, the synthesis of LS-based non-

ionic polymeric dispersants using two different epoxidized oligomer derivatives of PEG and 

PPG, PEGDE and PPGDE, respectively, resulted in two distinct outcomes. The structural 

analysis by FTIR and quantitative 13C NMR suggested that PEGDE did not react with LS. 
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In contrast, PPGDE reacted with phenolic LS structures. Approximately half of the phenolic 

LS units were involved in the reaction, while no evidence of reaction with aliphatic 

hydroxyls was confirmed. Finally, the PPG-modified LS revealed promising plasticizer 

properties for the workability/fluidity of cement pastes used in concrete formulations due to 

their enhanced dispersant efficiency probably related not only to electrostatic repulsion 

(caused by the sulfonic ionizable groups in LS) but also to steric hindrance phenomena (due 

to the grafted bulky PPG chains). 
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6. LS-based conducting membranes for sensing 

applications 
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6.1 ABSTRACT 

In this study, lignosulphonate (LS) from the acid sulphite pulping of eucalypt wood was 

used to synthesize LS-based polyurethanes (PUs) doped with multiwalled carbon nanotubes 

(MWCNTs) within the range of 0.1–1.4 % w/w, yielding a unique conducting copolymer 

composite, which was employed as a sensitive material for all-solid-state potentiometric 

chemical sensors. LS-based PUs doped with 1.0 % w/w MWCNTs exhibited relevant 

electrical conductivity suitable for sensor applications. The LS-based potentiometric sensor 

displayed a near-Nernstian or super-Nernstian response to a wide range of transition metals, 

including Cu(II), Zn(II), Cd(II), Cr(III), Cr(VI), Hg(II), and Ag(I) at pH 7 and Cr(VI) at pH 

2. It also exhibited a redox response to the Fe(II)/(III) redox pair at pH 2. Unlike other lignin-

based potentiometric sensors in similar composite materials, this LS-based flexible 

polymeric membrane did not show irreversible complexation with Hg(II). Only a weak 

response toward ionic liquids, [C2mim]Cl and ChCl, was registered. Unlike LS-based 

composites comprising MWCNTs, those doped with graphene oxide (GO), reduced GO 

(rGO), and graphite (Gr) did not reveal the same electrical conductivity, even with loads up 

to 10 % (w/w), in the polymer composite. This fact is associated, at least partially, with the 

different filler dispersion abilities within the polymeric matrix. 

 

6.2 INTRODUCTION 

Due to an increase in industrial and human activities, the presence of heavy metal salts 

such as lead (Pb), mercury (Hg), cadmium (Cd), chromium (Cr), zinc (Zn), and copper (Cu), 

among others, in wastewater has led to an increasing accumulation of these chemicals in the 

environment. Heavy metal ions are non-degradable, toxic, and harmful to aquatic life and 

can cause many health problems as they accumulate in the human body through the food 

chain. Considering environmental and health concerns, their removal from wastewaters is 

imperative [335]. Therefore, their detection in aqueous systems is crucial. Electrochemical 

sensors, such as potentiometric, amperometric, and conductometric sensors, are particularly 

interesting for environmental water monitoring as they are suitable for the determination of 

chemical species such as heavy metals, among others. They are user-friendly, well-suited 

for miniaturization, have short response times, a wide dynamic range, low energy 
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consumption, low cost, ease of preparation, good sensitivity, and high selectivity [336–338]. 

However, some problems still need to be addressed, such as poor reproducibility and stability 

and difficulties in analysing complex matrices and real samples, and some ions may act as 

ligands and poison the electrode (for instance, mercury) [239,338]. All-solid-state 

potentiometric sensors are promising sensors for in situ water analysis [339]. They have been 

employed in numerous studies for the determination of metal ions in water and biological 

samples (such as sweat) [337,338,340] and drug molecules in various biological samples 

(such as blood serum and urine) [341]. Furthermore, the risk of toxic and other harmful 

effects related to the use of other chemical species, such as, for instance, ionic liquids (ILs) 

and their contribution to environmental pollution through release via wastewater effluents 

[342], enhances the need for the development of sensors suitable for the detection of a wider 

range of chemicals. 

Conducting polymers (CPs) are an important class of organic multifunctional materials 

that exhibit specific physical and electrical properties. The possibility of fi-ne-tuning their 

optical and conducting properties makes them promising candidates for a wide range of 

applications, including the fields of energy [343–345], electronics [346,347], catalysis [348], 

electromagnetic interference shielding [349–351], biomedicine [340,341], and sensors 

[265,266,337,340,341,345,352,353]. CPs usually exhibit relatively low conductivity 

(~10−8–10−3 S·m−1) in their pure state; nonetheless, this property can be effectively enhanced 

to ~100–106 S·m−1 either by chemical or electrochemical doping in the case of intrinsic CPs 

or by physical mixing with other electro-conducting species such as metal or metal oxide 

nanoparticles, metal-organic frameworks (MOFs), and carbon-based nanomaterials, among 

others [265–267]. According to previous results, both phenomena have been observed in 

lignin-based polyurethanes mixed with MWCNTs [238].  

Carbon-based materials, such as carbon nanotubes (CNTs), graphene, carbon dots, and 

porous carbon, have attracted scientific interest worldwide since these nanofillers exhibit 

enhanced conductivity, high chemical stability, mechanical strength, and large surface areas. 

Therefore, numerous studies have focused on the preparation of CP composites using these 

carbon-based materials as nanofillers in order to improve their electrical and mechanical 

properties but also to allow the production of small, light-weight, and cost-effective 

composites for a variety of application fields, including electronics, energy, automotive, and 

aerospace industries and sensors [265,267–269].  
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Graphite is one of the three naturally occurring allotropes of carbon and is a crystalline 

material consisting of 2D-layered sp2-bonded carbon atoms arranged in a planar hexagonal 

structure. Graphene consists of one atomic layer of graphite and exhibits extremely high 

mechanical properties (1.1 TPa modulus), electrical conductivity (108 S·m−1), thermal 

conductivity (5000 W·mK−1), and optical properties (98% transmittance) [269]. GO derives 

from the oxidation of pristine graphene and, hence, is a 2D atomically thin layer of hexagonal 

sp2-bonded carbon atoms that comprises oxygen-based functional groups such as hydroxyl 

(-OH), alkoxy (C-O-C), and carboxylic (-COOH) acids, among others. These oxygen 

functionalities disrupt the sp2-conjugated backbone, causing a reduction of its electrical 

conductivity. To restore its electrical conductivity, some oxygen functional groups in GO 

can be partially reduced, yielding rGO [354]. CNTs are 1D conductive fillers due to their 

high length-to-diameter ratio, consisting of a hexagonal arrangement of sp2-hybridized 

carbon atoms, which may be shaped by rolling up a single sheet of graphene (single-walled 

carbon nanotubes, SWCNTs) or by rolling up multiple sheets of graphene (multiwalled 

carbon nanotubes, MWCNTs). CNTs present impressive electrical conductivities (107–108 

S·m−1) and mechanical properties (1 TPa modulus, 100 GPa strength) [269].  

Due to the continued depletion of finite fossil resources and the necessity to reduce the 

dependence on this type of resource and their environmental impacts, alternative and 

sustainable resources have been assessed as feedstock replacements, namely, biomass. 

Biorefinery and circular economy concepts have become imperative in the industrial sector, 

e.g., the pulp and paper industry. Thus, in order to improve the economic sustainability of 

pulp mills, the valorisation of the ensuing by-products has been directed towards new added-

value products to expand their economic profits. In particular, industrial (technical) lignin 

has attracted worldwide attention as it is an abundant biodegradable and renewable resource 

for the production of biofuels, chemicals, and polymeric materials, with the advantage that 

it does not compete with food stocks. Lignins have potential as adsorbents for removing 

metals from water due to their acid sites, namely, carboxylic and phenolic groups [355–357], 

though the phenolic groups exhibit a higher affinity for metal ions than the carboxylic ones 

[355]. In addition, other functional groups, such as nitrogen- and sulphur-containing groups 

that may be present in the lignin structure, can also bind heavy metal ions [356,357]. In fact, 

lignin modification with nitrogen- and sulphur-containing functional groups has been used 

in the design and development of advanced adsorbents [356–359]. Among different tech-



6. LS-based conducting membranes for sensing applications 

 

 

112 

nical lignins, lignosulphonate (LS) is the only abundant lignin source on the market that can 

be considered potentially interesting for the production of conducting composites. Being 

soluble in water and containing ionogenic (sulphonic) groups, LS is an attractive candidate 

for use in conductive polymer matrices for sensor applications. In previous studies, novel 

lignin-based sensing polymeric membranes have been developed through covalent 

immobilization of the lignin inside a polymer matrix [91,237–239]. Furthermore, the 

production of lignin-based PU membranes through co-polymerization of different technical 

lignins, such as kraft lignin, LS, and organosolv lignin, with toluene diisocyanate-terminated 

poly(propylene glycol) has been reported [91]. Moreover, lignin-based PUs doped with 

MWCNTs allowed the increase of composite electrical conductivity with a prospective 

application as ion-selective membranes for potentiometric chemical sensors [237,239]. 

However, the ensuing lignin-based sensors displayed very low or no sensitivity to all alkali, 

alkali-earth, and most transition metal cations ions. At the same time, the sensor properties 

were strongly dependent on the lignin origin. Thus, some concomitants of polyphenolic 

origin in kraft lignin imparted to this mate-rial sensitivity and selectivity to Cu(II) [239]. 

Potentiometric sensors highly sensitive to Cr (VI) at pH 2 were obtained with LS and 

organosolv lignin [237]. However, with regards to LS, no systematic studies have been 

carried out on the effect of different types and loads of carbon-based fillers on the conducting 

performance of CPs.  

In this work, we prepared LS-based PU composite membranes sensors doped with 

MWCNTs using the same synthesis methodology as in previous studies [91,237–239]. The 

main goal is to assess the viability of using LS from the spent liquor of the acidic sulfite 

pulping of eucalypt wood for potentiometric sensor applications. The conductive and 

sensory properties of the CP based on LS are compared with those of the CP based on 

eucalyptus kraft and kraft LignoBoost® lignin, organosolv lignin, and lignosulphonate 

obtained under different cooking conditions [237,239]. In addition, various carbon 

nanofillers such as graphene oxide (GO), reduced graphene oxide (rGO), and graphite (Gr) 

are used to dope LS-based PU composite for comparison. 
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6.3 RESULTS AND DISCUSSION 

LS-based flexible copolymers were obtained by the reaction of LS (Mw = 4130 Da) as a 

macromonomer bearing hydroxyl groups with PPDGI (Mn = 2300 g·mol−1) as a co-

macromonomer comprising isocyanate groups and also acting as the solvent for LS, 

maintaining the recommended NCO/OH ratio of 1.5 [91,237–239]. The conducting car-bon 

nanofillers, in particular MWCNTs, were introduced jointly with lignin before the synthesis, 

taking into account the excellent dispersant capability of the former [91,237]. The obtained 

materials were characterized and analysed for their electrical conductivity and sensor 

properties. 

 

6.3.1. Characterization of LS-based PUs 

The reaction of LS and PPDGI with the formation of PU was confirmed by FTIR 

spectroscopy. Figure 33 shows the FTIR spectra of purified LS and LS-based PU without 

(LS-PU) or with 1% w/w MWCNTs (LS-PU-CNT) taken as an example. The formation of 

PU is confirmed by the absence of the band at ca. 2270 cm−1, assigned to the isocyanate 

group (-NCO) in PPDGI, and the appearance of signals characteristic for urethane (-O-

(C=O)-NH-) moieties at 1722, 1370 and 1220 cm−1, assigned to C=O, O-CO, and C-N 

stretching, respectively [91,306,360]. Furthermore, the significant decrease in the relative 

intensity of the OH band around 3350 cm−1 in the spectra of both LS-based PUs indicates 

that a relevant amount of LS hydroxyl groups was consumed during the polymerization 

reaction with the isocyanate groups. The characteristic aromatic bands of LS at 1598, 1510, 

and 1425 cm−1 [51,301–305,307,308] decreased substantially in the LS-based PU due to the 

relatively low LS content (ca. 20 % w/w). The most abundant signals in the LS-based PU 

spectrum, at 1086 and 2860 cm−1, belong to C–O and CH2 vibrations, respectively, in 

polyether bridges connecting lignin macromolecules (Table 16). Although no significant 

spectral differences were found between LS-PU and LS-PU-CNT, the slightly greater 

abundance of free hydroxyl moieties at ca. 3350 cm−1 in LS-PU-CNT can be explained by 

the strong interaction of MWCNTs and lignin [91,237], thus hindering, to a certain degree, 

their reaction with PPDGI. 
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Figure 33. FTIR-ATR spectra of LS, LS-based PU (LS-PU), and LS-based PU doped with 1% w/w 

MWCNTs (LS-PU-CNT). 

 

The glass transition temperature (Tg) of LS-based PUs was assessed by DMA. Both LS-

based PUs, undoped and doped with 1% w/w MWCNTs, exhibited similar low Tg values, 

−33 ± 1 °C and −32 ± 1 °C, respectively, as depicted in Figure 34. This relaxation peak 

relates to the soft domains of the polymeric composites [360]. The addition of MWCNTs 

(1% w/w) did not affect the viscoelastic properties of the polymer. The negative values of 

Tg indicate that these materials can be used for the fabrication of self-plasticizing membranes 

for potentiometric chemical sensors. 

Typical TGA curves of LS and LS-based PUs, undoped and doped with 1% w/w of 

MWCNTs, are depicted in Figure 35. LS revealed less thermal stability than the 

corresponding PU. The weight loss, with a maximum loss at around 120 °C, is related to 

moisture release followed by the degradation of functional groups and the release of low 

molecular mass products at temperatures as high as 200 °C (e.g., SO2 from sulphonic groups) 

[312,314]. Char formation begins at ca. 400 °C. Both LS-based PU polymers (undoped and 

doped with MWCNTs) exhibited improved thermal stability compared to LS since the 

degradation starts at ca. 275 °C (Figure 35). Additionally, LS-based PU samples exhibited a  
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Table 16. Assignment of bands in FTIR-ATR spectra of purified LS from eucalypt thick sulphite 

pulping liquor and LS-based PU undoped (LS-PU) and doped with 1% w/w MWCNTs (LS-PU-

CNT) [51,91,301–308,360]. 

LS 

(cm–1) 

LS-PU/ LS-

PU-CNT 

(cm–1) 

Assignment 

3356 3298 O-H stretching, H-bonded 

2940/2848 2966/2916/ 

2860 

C-H stretching in methyl, methylene and O-CH3 groups 

– 1722 C=O stretching (urethane group) 

1604 – Aryl ring stretching, symmetric 

– 1530 N-H bending (secondary amine in urethane group) 

1510 – Aryl ring stretching, asymmetric 

1460 – C-H bending in O-CH3 groups, asymmetric 

1426 – Aromatic skeletal vibration combined with C-H bending 

in O-CH3 groups, asymmetric in-plane 

1330  Caryl-O vibrations, SO3H groups (S=O stretching 

vibration) 

– 1220 C-N stretching (urethane group) 

1210 – Caryl-O vibrations, C-C, C-O, C=O stretching, metallic 

salt of SO3H groups (S=O stretching vibration) 

1154 – Aromatic C-H in-plane deformation, SO3H groups 

1112 – Aromatic C-H in-plane deformation, C-O-C groups, 

metallic salt of SO3H groups 

– 1086 C-O-C vibration (polyether bridges) 

1034 – Aromatic C-H in-plane deformation related with C-O, 

C-C stretching and C-OH stretching, SO3H groups, 

Calkyl-O ether vibrations (O-CH3 and β–O-4) 

914/818 – C-H deformation out-of-plane, aromatic ring 

650/630 – SO3H groups (S-O stretching vibration/C-S stretching 

vibration) 

630 – SO3H groups (C-S stretching vibration) 

 

two-stage degradation process, which corresponds to the thermal decomposition of the hard 

and soft segments, respectively [360,361]. Hard segments include the thermally weaker 

urethane moieties, where the maximum rate of weight loss occurred at 298 °C. Soft segments 

are essentially associated with the poly-ether moieties from the PPGDI co-macromonomer, 

where the maximum rate of weight loss occurred at 380 °C. The thermal degradation profile 

of both LS-based PU polymers (undoped and doped with MWCNTs) is similar since the 
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amount of MWCNTs (1% w/w) is too low to cause a significant change in the thermal 

behavior of the doped LS-based PU, at least under an inert gas atmosphere. 

 

 

Figure 34. DMA profiles of LS, LS-based PU (LS-PU), and LS-based PU doped with 1% w/w 

MWCNTs (LS-PU-CNT). 

 

 

Figure 35. TGA curves of LS, LS-based PU (LS-PU), and LS-based PU doped with 1% w/w 

MWCNTs (LS-PU-CNT): (a) weight loss under inert N2 gas flow and (b) derivative of the weight 

loss. 
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6.3.2. DC and AC electrical conductivity of LS-based PU polymer doped with 

MWCNTs 

The DC electrical conductivity of undoped LS-based PU polymer and the various LS-

based PU polymer composites doped with variable amounts of MWCNTs was measured at 

room temperature, as depicted in Figure 36. Noteworthy is the fact that neat LS-based PU 

polymer is not a completely insulating material, exhibiting low electrical conductivity 

mostly due to the presence of LS in the polymeric matrix. This might be due to the mixed 

type electrical conductivity associated with the presence of π-conjugated aromatic moieties 

and of ionogenic functional groups such as carboxyl and sulphonic groups in 

lignosulphonates [362]. The incorporation of MWCNTs resulted in an increase in the 

electrical conductivity of PU-based LS composites in the order of magnitude 106, from 

7.2×10−12 in undoped polymer to 7.1×10−6 S·m−1 in polymer doped with 1.4% w/w 

MWCNTs (Figure 36). However, the observed conductivity curve as a function of MWCNT 

content in the composite did not fit the percolation theory model generally applied to 

composites doped with carbon nanotubes [268,363,364]. 

Unlike other PU-based composites produced from kraft or organosolv lignins [237], 

which show a sharp percolation threshold at low concentrations of MWCNTs (0.2–0.7 w/w), 

the LS-based PU did not reveal that feature, and the increase in conductivity with the addition 

of MWCNTs was not exponential (Figure 36). The plausible explanation for this 

conductivity behaviour could be the greater aggregation of polar LS in the PPDGI copolymer 

in comparison with the non-polar kraft and organosolv lignins. LS also has a molecular 

weight 2–3 times greater than kraft lignin, which makes it difficult to dissolve.  
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Figure 36. DC electrical conductivity, σDC, at room temperature as a function of MWCNT 

concentration (0%, 0.1 %, 0.2 %, 0.5 %, 0.8 %, 1 % and 1.4 % w/w) in LS-based PU. 

 

Since lignin, including LS, is a dispersant of MWCNTs, its dissolution in co-

macromonomer (PPDGI) is a crucial factor affecting the percolation phenomena that could 

compromise the formation of a continuous conductive network within the composite matrix. 

In fact, MWCNTs bind readily to LS, as can be seen from SEM im-ages of the LS powder 

mixed with 1% w/w MWCNTs (before adding the co-macromonomer PPGDI), thus forming 

bundles with a highly entangled structure (Figure 37). The inhomogeneous distribution of 

LS in the copolymer (final composite after curing) could negatively affect the long-range 

connectivity between the bound conductive elements within the LS-based polymeric 

network structure, thus reducing the electrical conductivity of the ensuing composite. In 

addition, the composite doped with MWCNTs revealed a more porous structure due to the 

more intensive bubble formation during the synthesis, which also negatively affected 

percolation conductivity (Figure 38). These bubbles are trapped within the composite matrix, 

disrupting the conductivity path, i.e., the long-range connectivity between the conductive 

elements, hindering and even interrupting conductivity, which may also contribute to 

explaining why the composites do not display a common percolation behaviour. 
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Figure 37. SEM image of a mixture of LS with 1% w/w MWCNTs (a) with an expanded image of 

MWCNT bundles bound to lignin particles (b). Examples of large MWCNT agglomerates are 

depicted by circles. 

 

 

Figure 38. SEM images of the cross-section of LS-based PU films (a) undoped and (b) doped with 

1% w/w of MWCNTs. 

 

Alternating current conductivity, σAC, of LS-based PU polymers undoped and doped with 

different amounts of MWCNTs and the temperature effect on σAC variation as a function of 

frequency for LS-based PU polymer composites doped with 1% w/w MWCNTs are shown 

in Figure 39. At first glance, the frequency dependence of AC conductivity can be divided 

into two discrete domains. At low frequencies (<1 kHz), AC conductivity is nearly constant 

and independent of the frequency, and its value comes close to the value of DC conductivity. 

However, in some cases, a very small slope is noticeable, especially for undoped LS-based 

PUs and LS-based PUs doped with 0.1 % w/w MWCNTs. The frequency region of constant 

conductivity extends to higher frequencies with increasing concentrations of MWCNTs. 
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Above a certain frequency, AC conductivity increases with increasing frequency. Hence, at 

higher frequencies, total AC conductivity, σAC (ω), is frequency-dependent, and its increase 

obeys a power law (known as the Jonscher universal power law [365]) given by Equation 

(3): 

𝜎𝐴𝐶(𝜔) = 𝜎𝐷𝐶 + 𝐴𝜔𝑠        (3) 

where ω is the angular frequency (ω = 2πf, where f is the frequency), σDC is the independent 

frequency (DC) conductivity at ω→0, A is a constant dependent on temperature T, and s is 

an exponent dependent on both frequency and temperature, with values in the range 0–1. 

This power law is characteristic of disordered materials in which the conductivity is due to 

the hopping of charge carriers between localized states [366]. It is also presumed that A and 

s values are interrelated and have a mechanistic origin in terms of underlying disordered 

microscopic structures [367]. In fact, within the range of −13 to 107 °C, corresponding to 

the viscoelasticity interval, the straight-line correlation between Log A and s has been 

observed (Figure 40). Within the same temperature range, almost constant log A/s values 

(nearly 20) were registered while analysing the log A/s vs. T dependency from the universal 

Jonscher equation (σAC = Aωs). Similar behaviour was observed previously with epoxy 

polymeric formulations doped with MWCNTs and assigned to the unchanged composite 

morphology of the polymer-MWCNT network when charge carriers migration was affected 

exclusively by conformational rearrangements of disordered microscopic structures [367]. 

Additionally, at lower frequencies, AC conductivity is temperature-dependent, evidencing 

that the conductivity is a thermally activated process. The activation energy was assessed 

from the known Arrhenius equation while analysing the plot ln σAC vs. 1/T in the temperature 

range of −13 to 107 °C [239]. The relatively low activation energy for σAC at ω→0 of the 

PU composite containing 1% MWCNTs (0.13 eV), when compared with that of the undoped 

PU composite (0.59 eV), clearly indicated the significant interaction between MWCNT and 

LS. This feature was similar to those observed previously with PUs doped with MWCNTs 

using kraft and organosolv lignins synthesized under the same conditions [237,239]. This 

fact supports the idea about similar conductivity mechanisms in all these lignin-based PUs 

doped with MWCNTs [237,239] despite no clear percolation threshold being observed with 

LS (Figure 36). 
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Figure 39. Frequency dependence of AC electrical conductivity, σAC, for LS-based PU polymer 

doped with different amounts of MWCNT at 77 °C (a) and with 1% (w/w) MWCNT at different 

temperatures (b). 

 

 

Figure 40. -LogA versus s (a) and LogA/s versus T (b) plots of LS-based PU film doped with 1% 

w/w of MWCNTs  

 

The real and imaginary parts of the dielectric permittivity, ε′ and ε″, respectively, of LS-

based PUs undoped and doped with different amounts of MWCNTs are presented in Figure 

41 in the frequency range of 100 Hz to 1 MHz. Both real and imaginary parts of dielectric 

permittivity decrease with increasing frequency, especially the imaginary part, which is 

highly frequency-dependent. This behaviour is probably due to the interfacial polarization 

effect on the polymeric composites, attributed to the accumulation of polarized charges from 
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the difference in conductivities and permittivities of the constituents of the LS-based PU 

polymer composite (i.e., the polymer matrix and the CNTs) [368]. Additionally, at the same 

frequency, both ε′ and ε″ increase with the increase in the amount of MWCNTs, which is 

attributed to an increase in the density of the MWCNT network [368]. Another remark from 

the ε″ plot (Figure 41b) is that a relaxation process (in the shape of a broad peak) appears at 

higher frequencies and higher MWCNT contents (though a slight peak for the composite 

with 0.2 % w/w MWCNTs is also observed). This relaxation process moves towards higher 

frequencies in accordance with an increase in MWCNT content in the composite. The peak 

of the highest concentration (1.4 % w/w MWCNTs) is not visible since it falls outside the 

frequency window range. Further experiments are still necessary to fully understand the 

dielectric relaxation mechanisms of these composites. 

 

 

Figure 41. Real ε′ (a) and imaginary ε″ (b) parts of complex permittivity, ε*(f) = ε′(f) − iε″(f) as a 

function of frequency, at T = 77 °C for LS-based polymer undoped and doped with different amounts 

of MWCNTs. 

 

Carbon nanotubes are considered to be the most promising reinforcement fillers used to 

improve the mechanical, electrical, and thermal properties of polymers [268]. In this 

particular study, when only small amounts of MWCNTs were used in the polymer matrix, 

electrical conductivity improvement was achieved, thus making these composites suitable 

for sensor applications. The synthesis of an LS-based PU composite doped with 1.4 % w/w 

MWCNTs was a challenge since the mixture was very viscous, and it was very difficult to 



6. LS-based conducting membranes for sensing applications 

 

 

123 

prepare the films by moulding, which led to composites with highly irregular surfaces. 

Therefore, and considering the conductivity results, the LS-based PU composite containing 

1% w/w MWCNTs was the formulation chosen for potential application as a potentiometric 

sensor. 

 

6.3.3. Sensor properties of the LS-based PU polymer membrane composite 

doped with 1% w/w MWCNTs 

Potentiometric measurements for a sensitivity assessment of an LS-based PU composite 

membrane sensor doped with 1% w/w MWCNTs were carried out using 1 mM Tris buffer 

solution at pH 7. The measurements revealed no response to Na+, NH4
+, and Pb(II) but had 

a response to Cu(II), Cd(II), Zn(II), Cr(VI), Cr(III), and Ag(I) (Figure 8). Response slopes 

towards studied ions were calculated based on the Nernst equation (Equation (4)) at a 

working temperature of 25 °C: 

𝐸 = 𝐸0 ±
𝑅𝑇

𝑧𝑖𝐹
𝑙𝑜𝑔𝑎𝑖         (4) 

where E is measured potential (EMF of the electrochemical cell), E0 is standard potential, R 

is the gas constant, T is the temperature in K, F is the Faraday constant, ai is the activity of 

the studied cation, and zi is the charge of the ion. A concentration variation by a factor of 10 

should give rise to a potential variation of ca. 59 mV for single-charged ions, but, for double-

charged ions, it should be around 30 mV, and, in the case of triple charged ions, the slope 

value should be around 20 mV. Response slopes of the LS-based PU doped with a 1% w/w 

MWCNT electrode towards different ions at pH 7 and 2 are depicted in Figure 42 and Figure 

43, respectively, and the detection limits and linear ranges at pH 7 are presented in Table 17. 

The detection limit of the sensor was determined from the intersection of two extrapolated 

segments of the calibration plots according to IUPAC recommendations [369]. 
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Figure 42. Slopes of the electrode function of the LS-based PU sensor doped with 1% w/w 

MWCNTs at pH 7 (mean values of at least three calibrations with their respective standard 

deviations). 

 

 

Figure 43. Slopes of the electrode function of the LS-based PU sensor doped with 1% w/w 

MWCNTs at pH 2 (mean values of at least three calibrations with their respective standard 

deviations). 
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Table 17. Sensitivity characteristics of LS-based PU membrane sensor doped with 1% w/w 

MWCNTs at pH 7. 

Cation Slope (mV/decade) Detection limit (M) Linear range (M) 

Cu(II) 47.3 ± 2.1 4.6×10–5 5.0×10–5 – 1×10–2 

Cd(II) 20.3 ± 2.5 4.2×10–6 5.0×10–6 – 1×10–2 

Zn(II) 27.2 ± 0.7 1.2×10–5 1.5×10–5 – 1×10–2 

Hg(II) 40.9 ± 5.7 3.3×10–5 5.0×10–5 – 1×10–2 

Cr(VI) 61.6 ± 3.6 6.1×10–5 1.0×10–4 – 1×10–2 

Cr(III) 68.3 ± 1.8 6.2×10–5 1.0×10–4 – 1×10–2 

Ag(I) 62.1 ± 15.5 4.9×10–6 1.0×10–5 – 2.2×10–3 

 

The sensor exhibits a low response to Cd(II) (with a slope of 20.3 ± 2.5 mV) and a near-

Nernstian response towards Zn(II) (with a slope of 27.2 ± 0.7 mV) and Ag(I) (with a slope 

of 62.1 ± 15.5 mV). For other cations such as Cu(II) and Hg(II), the super-Nernstian 

responses were obtained at pH 7 (Figure 44). Responses to mercury and silver ions are 

associated with high standard deviations, as after the first calibration measurement in the 

solutions of these ions, the slopes of the electrode decreased. Furthermore, some decrease of 

the sensor response slopes was observed in the solutions of copper and zinc after sensor 

exposure to mercury and silver, indicating an eventual partially irreversible interaction of 

the polymer membrane with these ions. At the same time, no drastic, irreversible 

complexation with Hg(II) ions was detected, compared with other lignin-based sensor 

membranes of the same polymer composite [91,237,239]. 

Considering that at pH 7, the predominant species of Cr(III) is Cr(OH)2+, the sensor 

response to this ion is slightly above the theoretical one, i.e., 68 mV/pX instead of the 

expected 59 mV/pX. No response to Cr(III) was observed at pH 2, which is in agreement 

with the literature data of Cr(III) adsorption by different sorbents and is attributed to sorbent 

surface protonation at acidic pH, resulting in the electrostatic repulsion of the positively 

charged Cr(III) species [370].  
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Figure 44. Calibration curves LS-based PU composite membrane sensor doped with 1% w/w 

MWCNTs towards four selected cations (four calibration curves – coloured dots – for each cation 

and the respective average response slope with linear trendline – black) 

 

Response of the LS-based sensor to Cr(VI) at pH 7 corresponds to the theoretical response 

to a single-charged cation, although Cr(VI) is present at this pH as two anionic species, 

HCrO4
− and CrO4

2− [371]. At pH 2, the dominant Cr(VI) species are Cr2O7
2− and HCrO4

−, 

with their ratio depending on the total Cr(VI) concentration [370]. The LS-based sensor 

response to Cr(VI) at pH 2 is about 45 mV/pX. A similar cationic response to Cr(VI) was 

observed for lignin-based sensors in the previous study [237] as well as for the chromate-

selective sensor with a different type of membrane material – chalcogenide glass [372]. The 

sensitivity of both chalcogenide- and lignin-based sensors is pH-dependent, and, in the case 

of the previously studied lignin-based sensors, it was observed only at pH 2, while the LS-

based sensor responded at both pH 7 and 2. It was hypothesized that the response mechanism 

of both chalcogenide glass and lignin-based electrodes is based on the combination of ion 
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exchange and charge transfer, although no detailed mechanistic studies of the Cr(VI)-

selective sensors’ response mechanism have been done.  

Based on these findings, the LS-based sensor was expected to possess redox sensitivity, 

and the response of the sensor was evaluated in the solutions of two redox couples, ferro-

ferricyanide Fe(CN)6
3−/4− and Cr(III)/Cr(VI), at pH 7 and pH 2. Response slopes were 

calculated by Equation (5): 

𝐸 = 𝐸0 −
𝑅𝑇

𝑧𝐹
log(𝑎 𝑏⁄ )        (5) 

where a and b are the activities of the reduced and oxidized ions, respectively.  

No redox response was obtained at pH 7; however, at pH 2, the sensor displayed response 

to both pairs (Figure 43). The sensor exhibited a near-theoretical response to the pair 

Fe(CN)6
3−/4−, with a slope of −53.8 ± 3.2 mV, and a super-Nernstian response to the pair 

Cr(III)/Cr(VI), with a slope of −29.6 ± 8.3 mV.  

Sensor responses in the individual solutions of ferrum and ferrocyanide at pH 7 and 2 are 

depicted in Figure 42 and Figure 43, respectively. The sensor response to Fe(CN)6
3− did not 

depend on pH and was ca. 19 mV/pX. The sensor displayed a similarly low response of ca. 

17 mV/pX to Fe(CN)6
4− at pH 7, while at pH 2, a super-Nernstian anionic response of −72 

mV/pX was observed. This response may be attributed to the combination of ion exchange 

and charge transfer processes involving the complexation of ferricyanide, with the functional 

groups of LS protonated at acidic pH and their subsequent oxidation.  

With the aim to expand the applicability of lignin-based potentiometric sensors, the 

response of the LS-based PU sensor doped with 1% w/w MWCNTs towards ionic liquids 

(IL), 1-ethyl-3-methylimidazolium chloride ([C2mim]Cl) and choline chloride (ChCl), was 

examined (Figure 45). These substances are widely used for different “green” syntheses and 

biomass fractionation purposes, whose presence in aquatic environments could be hazardous 

[342]. The measurements were carried out in Tris solution at pH 7. Although the sensor did 

detect both ILs, the sensitivity was relatively low, giving rise to response slopes of 12.0 ± 

3.8 and 7.3 ± 0.4 mV for [C2mim]Cl and ChCl, respectively. The low response of the sensor 

may probably be due to steric hindrance from the structure of the ILs. However, further 

studies are required to evaluate the response mechanism of these potentiometric sensors to 

such types of compounds. 
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Figure 45. Chemical structure of the ILs studied: (a) 1-ethyl-3-methylimidazolium chloride and (b) 

choline chloride. 

 

Since the LS-based sensor displayed a theoretical or even super-Nernstian response to 

several of the studied ions, the choice of the target ion, known as the primary ion, was not 

an obvious one for the determination of potentiometric selectivity. Taking into account the 

high and reproducible response to Cr(VI) and to facilitate a comparison with the previously 

obtained results for other types of lignin, this ion was considered the primary ion for the 

selectivity study. The matched potential method (MPM) was used for selectivity 

determination. Accordingly, the selectivity coefficient (𝐾A,B
pot

) is defined as the activity 

(concentration) ratio of the primary ion A (aA′ − aA) and the interfering ion B (aB), which 

give the same potential change in a reference solution (this one containing a fixed activity 

of primary ions aA) [369,373], and is expressed by Equation (6): 

KA,B
pot

= (aA
’ -aA) aB⁄          (6) 

where 𝐾A,B
pot

 is the selectivity coefficient, aA and aB are the activities of the primary ion A 

and the interfering ion B, respectively. The selectivity coefficient represents a numerical 

measure of the electrode membrane’s ability to discriminate the primary ion A (target ion) 

in the presence of the interfering ion B. A solution of 1.0×10−4 M of Cr (VI) in Tris 1 mM 

at pH 7 was used as the background. For the calculation of selectivity coefficients, ∆E = 20.0 

mV was applied. The calculated values of selectivity coefficients are summarized in Table 

18. The LS-based sensor displays low selectivity to Cr(VI) in the presence of most of the 

studied ions and is more selective to Cd(II) and especially to Ag(I) than to Cr(VI). However, 

in practice, selectivity to Ag(I) ions might not be necessary as they are rarely present in the 

analysed samples. 
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Table 18. Selectivity coefficients, 𝑲𝑨,𝑩
𝒑𝒐𝒕

, of the LS-based sensor towards Cr(VI), determined using 

the matched potential method (mean values of at least three values).  

Interferent ion 𝑲𝑨,𝑩
𝒑𝒐𝒕

 

Zn(II) 0.29 ± 0.08 

Cd(II) 1.49 ± 0.41 

Cu(II) 0.40 ± 0.15 

Cr(III) 0.53 ± 0.28 

Hg(II) 0.54 ± 0.11 

Ag(I) 2.66 ± 0.62 

Fe(III) 0.50 ± 0.26 

Fe(II) 0.65 ± 0.14 

 

These results show that this LS-based sensor displays sensitivity and low selectivity to 

several transition metal cations as well as a redox response. This behaviour differs 

remarkably from the one observed for the other lignin-based sensors [91,237,239]. Sensors 

based on LignoBoost® kraft lignin displayed a Nernstian response and high selectivity to 

Cu(II) and quite low or even no response to other cations except Hg(II), with which it 

interacted irreversibly, resulting in the loss of the electrode function [239]. Sensors based on 

kraft, organosolv, and lignosulphonate displayed sensitivity and selectivity to Cr(VI), redox 

sensitivity to the Cr(VI)/Cr(III) redox couple, and low sensitivity to transition metal cations 

such as Cu(II) and Pb(II), with higher responses observed for the LS-based sensor [237]. 

Furthermore, the three aforementioned sensors neither responded to nor were affected by the 

exposure to Hg(II). The reason for such disparity of the sensing properties can be attributed 

to the difference in chemical structure and composition between lignins obtained from 

different cooking processes, i.e., kraft lignin and LS, or isolation procedures, such as 

conventional kraft and LignoBoost® kraft, and LS used previously and in this study 

[239,374]. LS contains phenolic groups with lower pKa than those in kraft lignin due to the 

strong electron-withdrawing moieties on the side chain (sulphonic groups at the benzylic 

carbon and conjugated double bonds) [49]. In addition to the sulphonic groups, the LS 

structures with phenolic hydroxyls have a high capacity for chelation of metal cations, thus 

acting as ionophores. This induces the formation of stable coordination complexes with a 

wide range of transition metal cations, influencing the sensing mechanism  

Other metal-sensitive sensors based on different polymeric membrane ion-selective 

electrodes incorporating ionophores, sensitive to different cations, have been widely 
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reported in the literature [375–399]. Most of these sensors exhibit a near-Nernstian or 

Nernstian response to the different cations studied. The super-Nernstian behaviour displayed 

by the LS-based PU membrane is probably due to the presence of strong anionic sites in the 

composite [400], e.g., inherent for the LS sulfonic acid groups. Hence, this work puts in 

evidence the decisive role of the lignin’s nature in the response of the corresponding 

potentiometric sensors.  

The sensitivity of the LS-based polymeric sensor to redox potential and Cr(VI) was 

explained previously by the substructures with free phenolic hydroxyl groups involved in 

the eventual reversible hydroquinone/quinone type redox couples, favouring the 

complexation of Cr(VI) and its subsequent reduction to Cr(III) [237]. However, the high 

sensitivity of the LS-based sensor to several transition metals such as Zn, Cd, and Cu, found 

in the present work, was not registered in our previous study with another LS sample [237]. 

This behaviour could be explained by the structural differences in LS samples induced by 

variations in eucalypt wood cooking conditions [297]. The LS sample used in this study was 

isolated from spent liquor after a more severe cooking process to produce dissolving pulp. 

The resulting LS was more condensed and richer in tannins (e.g., catechin, gallic and ellagic 

acids) than that used in the previous work [237]. Apparently, concomitant substructures, 

with two or three vicinal hydroxyl groups belonging to these polyphenolic concomitants, 

chelate easily with transition metal cations [401]. The effect of the presence of tannins on 

sensing properties can be corroborated by comparing the sensing performance of polymers 

based on eucalyptus kraft lignins isolated by the conventional procedure and the 

LignoBoost® process [239]. The latter had a higher content of total hydroxyl groups and a 

higher relative content of phenolic hydroxyl groups and concomitant tannins, which 

imparted to this material metal chelating properties; thus, the resulting sensor displayed high 

sensitivity to Cu(II) and no redox response. Indeed, the nature of the lignin used in the 

polymeric formulation of composites is decisive for the potentiometric sensor response, 

which is defined by the interplay between different functional groups and their 

concentrations.  
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6.3.4. DC electrical conductivity of LS-based PU polymer embrane composite 

doped with other carbon nanofillers 

Considering the interesting sensing results obtained with MWCNTs as nanofillers in the 

composite with LS, the impact of other carbon nanofillers was evaluated, namely, graphene 

oxide (GO), reduced GO (rGO) and graphite (Gr), using similar LS-based PU formulations. 

The electrical conductivity of a composite occurs mostly as a result of the formation of a 

consistent network of nanofillers. SEM images of the LS mixture with 1% w/w GO, rGO, 

and Gr show different distribution patterns of nanofillers, as depicted in Figure 37 and Figure 

46. As already mentioned, MWCNTs are highly entangled in a bundle structure with LS 

(Figure 37). In contrast, both GO and rGO are disoriented and mostly wrinkled and folded 

into a fuzzy structure (Figure 46). Finally, the graphite sheets are scattered randomly among 

LS particles (Figure 46). The entanglement and wrinkling of the nanofillers among LS 

particles may indicate that during the processing conditions, under mechanical stirring, these 

were not able to completely orient within the powder mixture [402]. This could explain the 

inappropriate distribution of nanofillers, failing to yield a conductive network within the 

composite matrix and affecting the electrical conductivity of the ensuing composites. 

The impact of different carbon nanofillers with various concentrations on the DC 

electrical conductivity of LS-based PU polymer composites was examined, and the results 

are depicted in Figure 47. The highest MWCNT concentration of 1.4 % w/w gave rise to 

almost 106-fold higher electrical conductivity than the other nanofillers with the same 

concentration in the PU composite. Therefore, much larger amounts of GO, rGO, and Gr 

were required (up to 10 % w/w) to achieve a visible increase in the conductivity of an LS-

based PU composite material. The reason for this behaviour is most probably due to the 

much higher aspect ratio of the MWCNT rods, which is more favourable to the creation of 

a continuous conductive network within the polymer matrix. Therefore, significantly 

improved electrical conductivity was obtained for smaller MWCNT loadings compared to 

the GO, rGO, and graphite samples at the same concentrations. In the case of the graphene 

sheets, the lack of conductivity improvement is probably due to the limited possibility of 

having GO, rGO, or graphite contact points and, thus, limited conduction [402]. 
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Figure 46. SEM images of the LS mixture with 1% w/w of GO (a) and (b), rGO (c) and (d), and Gr 

(e) and (f). 
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Figure 47. DC electrical conductivity, σDC, at room temperature as a function of carbon nanofiller 

concentration (υ—MWCNT; ○—GO; ●—rGO; ◇—Gr; □—undoped) in the LS-based PU 

composite. 

 

6.4 CONCLUSIONS 

Unlike PU composites based on kraft or organosolv lignins, MWCNT-doped LS-based 

PUs did not display a common percolation behaviour due to the specificity of LS dissolution 

in the co-macromonomer used for the synthesis (PPGDI). Nevertheless, LS-based PUs 

doped with ≥ 1% w/w multiwall carbon nanotubes (MWCNTs) displayed relevant electrical 

conductivity suitable for sensor applications. Among examined carbon nanofillers within the 

range of 0–10% w/w (multiwall nanotubes, graphene oxides, and graphite), only MWCNTs 

provided significantly improved electrical conductivity to LS-based PU films suitable for 

sensing applications. Applied as a potentiometric sensor, MWCNT-doped LS-based PUs 

showed sensitivity to Cu(II), Zn(II), Cd(II), Cr(III), Cr(VI), Hg(II), and Ag(I) at pH 7 and 

exhibited a response to the Cr(VI)/Cr(III) redox pair at pH 2. The highest selectivity in 

solution at pH 7 was observed for Cd(II) and especially for Ag(I) ions. It is suggested that 

LS obtained from the same wood but under different cooking conditions and containing 

polyphenolic concomitants can exhibit distinct sensing performance due to the presence of 

corresponding structural units with chelating vicinal phenolic hydroxyls. The LS-based 

conducting polymer revealed a weak but not negligible response toward ionic liquids, 

[C2mim]Cl and ChCl. An additional study is necessary to find the sensitivity of the obtained 
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sensor membranes to different classes of potentially hazardous compounds for their reliable 

detection in solutions. 
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7.1 ABSTRACT 

The feasibility of using lignosulphonate (LS) from acid sulphite pulping of eucalyptus 

wood as an unmodified polyol in the formulation of polyurethane (PU) adhesives was 

evaluated. Purified LS was dissolved in water to simulate its concentration in sulphite spent 

liquor and then reacted with 4,4’-diphenylmethane diisocyanate (pMDI) in the presence or 

absence of poly(ethylene glycol) with Mw 200 (PEG200) as soft crosslinking segment. The 

ensuing LS-based PU adhesives were characterized by infrared spectroscopy and thermal 

analysis techniques. The adhesion strength of new adhesives was assessed using Automated 

Bonding Evaluation System (ABES) employing wood strips as a testing material. The results 

showed that the addition of PEG200 contributed positively both to the homogenization of the 

reaction mixture and better crosslinking of the polymeric network, as well as to the interface 

interactions and adhesive strength. The latter was comparable to the adhesive strength 

recorded for a commercial white glue with shear stress values of almost 3 MPa. The 

optimized LS-based PU adhesive formulation was examined for the curing kinetics using 

the Kissinger and Ozawa methods by non-isothermal differential scanning calorimetry. It 

was concluded that the curing process follows a similar trend to that observed with other PU 

formulations and that the activation energy is within the range of 60-70 kJ·mol−1 depending 

on the applied method. 

 

7.2 INTRODUCTION 

Wood-based composites cover a variety of products, from fibreboards to laminated 

beams, and are used for numerous non-structural and structural applications such as panels 

for interior, furniture, support structures in buildings, among others. Wood raw-materials 

used in the production of wood-based composites include fibres, particles, flakes, veneers, 

laminates, or lumber [157,158]. In most conventional wood-based composites, adhesive 

bonding is achieved by non-renewable petroleum-derived thermosetting synthetic resins 

including phenol-formaldehyde (PF), urea-formaldehyde (UF), melamine-formaldehyde 

(MF), polyurethanes (PUs) and polymeric diphenylmethane diisocyanate (pMDI). Several 

auxiliary chemicals are also added to plasticize adhesive polymers, enhance tackiness, 

improve heat resistance, or lower costs [158–160]. Due to the waning of the petrochemicals 
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supplies but also due to the public awareness related to the environment and its protection, 

as well as governmental regulations, the use of bio-based adhesives in wood and fiber 

composites has attracted scientific and economic interest for several decades [160–163].  

Within the diverse synthetic resins aforementioned, PUs are versatile designer polymers 

that display varied properties being adjustable to a wide range of applications namely foams 

(rigid and flexible), elastomers, paints and coatings, adhesives, and even for medical 

applications [194–197]. The global PU market size was valued at USD 70.67 billion in 2020 

and is expected to grow at a compound annual growth rate (CAGR) of 3.8 % from 2021 to 

2028 [403].Typically, PUs are prepared through the addition of isocyanates (comprising 

more than one reactive isocyanate group per molecule) and polyols (containing two or more 

reactive OH groups per molecule) yielding polyurethane linkages in the polymer backbone 

[194–197]. Whilst, isocyanates are very harmful and, at the end of their life cycle, PUs may 

release toxic compounds such as amines leading to health and environmental concerns, so 

far it has been very difficult to replace them. Furthermore, the implementation of regulations 

by some governments have motivated both academia and industry to develop safer and 

“greener” alternative routes to produce more environmentally friendly PUs. To reduce the 

environmental impact of PUs, efforts have focused on the replacement of fossil derived 

polyols by bio based ones, such as castor oil [218,220–223,404,405] and other vegetable oils 

[406–408], crude glycerol [220,409], lignin [205,220,410], among others. 

Technical lignins can act as macropolyols in PU synthesis due to high amount of phenolic 

and aliphatic hydroxyl moieties in their structure [78,204–208,410]. The direct exploitation 

of technical lignins, as polyols or blending with industrial polyols, is energetically and 

environmentally advantageous [75] and the ensuing biomass-based PUs are more 

biodegradable than those derived from petroleum-based polyols [209]. Hence, lignins can 

be used as such, or after chemical modification to get a more reactive lignin, alone or in 

combination with other polyols [204–208,210–212]. It is well known that lignins (in general) 

act both as a network former (due to its relatively high functionality, i.e., functionality higher 

than 2) and as a reinforcing component in PU formulations. The latter is mainly due to the 

high content of condensed aromatic rings in lignin contributing to its generally stiff structure. 

Therefore, to counterbalance the stiff character of the lignin macromolecules, other polyols 

can be used as soft segments, such as poly(ethylene glycol) (PEG) and poly(propylene 

glycol) (PPG) [207,217–219], or bio-based polyols, such as castor oil [218,220–223], crude 
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glycerol [220] and poly(ε-caprolactone) (PCL) [224] yielding grafted and cross-linked PUs 

with the possibility of controlling their flexibility and/or rigidity. Both aliphatic and phenolic 

OH groups in lignin are potentially reactive and samples with high OH content, for instance, 

organosolv lignins, can be used as macromonomers without further chemical modification 

[211,212]. However, considering that the structure of technical lignins is extremely 

dependent on the plant source from which it is obtained, the final properties of the lignin-

based PUs highly depend on the lignin’s plant source [213]. The low reactivity of the lignin 

macromonomer towards isocyanates is usually related to the fact that only a certain 

proportion of the total OH groups can react (due to steric hindrance from the highly branched 

three-dimensional structure of lignin and intramolecular hydrogen bonding) yielding 

products without desirable performance [213–215]. Therefore, to obtain polymeric 

formulations displaying acceptable performance, the content of the unmodified lignin in the 

ensuing PU is generally quite low (below 15–30 wt. %) [206].  

Another important issue for the adhesive industry is the control of the curing process since 

it affects the final properties of the material. This requires knowledge about the kinetics of 

the curing process. In a previous work, Gama and co-workers [404] studied the curing 

process of castor oil-based PU adhesives by differential scanning calorimetry (DSC) using 

the two most known approaches, the Kissinger [411] and the Ozawa [412] methods. Both 

methods are rapid, easy to use and depend on a series of experiments based on heating 

samples at several different heating rate [413]. Kinetic parameters, such as the activation 

energy (Ea) of the cure and the degree of cure (or conversion, α), were determined from non-

isothermal measurements using different heating rates (β). α varies from 0 to 1, i.e., from 

completely uncured to fully cured, and can be determined by Equation (7). 

𝛼 = 𝐻(𝑡)/𝐻𝑇          (7) 

where H(t) is the enthalpy of the reaction up to time t and HT is the total enthalpy of the 

reaction. Additionally, the rate of cure (dα·dt−1) is proportional to the rate of the heat 

generated and can be determined by Equation (8). 

𝑑𝛼 𝑑𝑡⁄ = 1/𝐻𝑇 × 𝑑𝐻(𝑡) 𝑑𝑡⁄        (8) 

when the curing rate (β) is increased, the peak temperature (Tp) shifts to a higher temperature 

range, which can be used to calculate Ea, using methods such as the Kissinger method or 

Ozawa method [413], according to Equation (9) and Equation (10), respectively. 
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ln(𝛽 𝑇𝑝
2⁄ ) = 𝐶 − 𝐸𝑎 (𝑅𝑇𝑝)⁄         (9) 

𝑙𝑛(𝛽) = 𝐶 − 𝐸𝑎 (𝑅𝑇𝑝)⁄         (10) 

where C is a constant derived from Ea, the kinetic constant (k0) and the universal gas constant 

(R). By plotting ln(β/Tp
2) vs 1/Tp and ln(β) vs 1/Tp, the value of Ea can be determined.  

The ultimate goal of this work is to use industrial sulphite spent liquor (SSL) as a bio-

based polyol to substitute petroleum-based polyols in the formulation of bio-based PU 

adhesives and also to reduce costs associated with LS purification. SSL from acid sulphite 

pulping of hardwoods, such as eucalypt, is mainly composed of LS, xylo-oligosaccharides 

and contains high amounts of pentose sugars, extractives of polyphenolic origin and 

inorganic salts [51,58,59]. In order to avoid the eventual participation of other components 

from SSL in the PU synthesis, LS was purified by dialysis and contained minimal 

organic/inorganic impurities. Therefore, in the adhesive preparation unmodified purified 

eucalyptus LS was used as bio-based polyol, water as LS solvent, PEG200 as a soft segment 

co-polyol and pMDI as a basic crosslinker. Since lignins generally contribute to PU stiffness, 

the addition of PEG with Mw 200 (PEG200) allows tuning the viscoelastic properties of PUs. 

Therefore, the variation in PEG200 content was studied and the final adhesion properties of 

the resulting adhesives were evaluated. Structural and thermal characterization was 

performed on the most relevant adhesive formulations. Finally, the kinetic parameters of the 

curing process were assessed for the most promising adhesive formulations.  

 

7.3 RESULTS AND DISCUSSION 

The polycondensation of unmodified lignins with isocyanates with large molecular 

structures like pMDI is unlikely to occur without the addition of catalysts due to the lack of 

reactivity, which is related to the steric hinderance of OH groups in lignin and of NCO 

groups in pMDI as well as low diffusion due to the high viscosity of the reaction medium 

[211]. Accordingly, DBDTL was used as a catalyst. It is assumed that in LS, as in other 

technical lignins, the primary OH groups are the most reactive with isocyanate moieties 

[211]. This assumption is reflected in the reaction scheme proposed in Figure 48, where the 

most reactive OH groups in the γ position of the lignin structural unit react with pMDI. It is 

noteworthy that steric hindrance of phenolic OH groups is much more pronounced in 
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hardwood than in softwood lignin, because the former possesses quite high ratio of syringyl 

(S) over guaiacyl (G) structural units [18,19]. In fact, the eucalyptus LS used in this work 

had the particularly high S:G ratio of 78:22 [297]. Furthermore, in the presence of water, the 

reactivity of pMDI with lignin is hampered by isocyanate competition reactions with the 

formation of the corresponding amines [161,196,405]. Therefore, it can be expected that a 

polymeric network of low crosslinking will result from the reaction of pMDI and LS alone. 

However, the addition of highly reactive water-soluble polyol to the reaction system can 

increase crosslinking between polymer chains and, if a polyol is polar enough to improve 

segmental movement of the resulting network, it can positively contribute to the adhesive 

properties of the final synthetic glue. Based on these considerations, a series of formulations 

were synthesized (Table 5) using, in addition to pMDI and LS, low molecular weight 

polyethylene glycol diol (Mw 200). The produced LS-based adhesives were structurally and 

thermally characterized and the adhesion strength have been evaluated. 

 

 

Figure 48. Schematic representation of the reaction between NCO group in pMDI and apliphatic OH 

in the γ–position of eucalypt LS. 
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7.3.1. Chemical and thermal characterization of LS-based PU adhesives 

The parent LS and typical adhesive formulations involving LS and pMDI (LS-MDI) and 

LS, pMDI and PEG200 were structurally characterized by FTIR. The corresponding 

normalized spectra of LS, LS-based adhesive without (LS-MDI) and with PEG200 (LS-MDI-

PEG) are presented in Figure 49 and the bands assignment are listed in Table 2. The reaction 

of OH groups in LS with pMDI in the PU samples produced was confirmed by the decrease 

in the intensity of the bands at 3430 (δ O-H) and 1036 cm−1 (δ C-OH) [51,303,308]. 

Simultaneously, the newly formed bands in the PU samples were observed at 1766 (very 

slight), 1504 (the most evident), 1406 (also significant) and 1216 cm–1 and assigned to the 

stretching vibration in urethane groups [414]. Meanwhile, the characteristic bands at 2262 

(C-N stretching), 1644 (C=O stretching) and 1590 cm–1 (N-H deformations) [414] are 

assigned to unreacted isocyanate groups from pMDI still present in the PU product 

suggesting that the PU curing process was not complete. This is in agreement with the 

formulation´s composition (Table 19) as NCO groups were used in excess amount. It is 

noteworthy that the intensity of the isocyanate band at 2262 cm–1 was lower for LS-MDI-

PEG than for LS-MDI (Figure 49), thus confirming the importance of adding PEG200 to 

obtain more extensive crosslinking of the molecular network. 

The thermal behaviour of LS, LS-PU (formulation 5 in Table 5) and LS-PU-PEG 

(formulation 8 in Table 5) are different from each other (Figure 50a). Under inert atmosphere 

(N2 flow), LS undergoes a first weight loss with a maximum loss at around 120 °C (Figure 

50b), related to the release of moisture followed by the degradation of basic functional 

groups (around 330 °C, Figure 50b), such as sulphonic groups, and the release of low 

molecular mass products [312,314] giving rise to a quite high char content (41 %). LS- PU 

and LS-PEG-PU also undergo a first weight loss around 60–100 °C (Figure 50b) related 

mostly to the release of moisture. The degradation of PUs can usually be divided into two 

major stages. The first stage is dominated by the degradation of the hard segments, while the 

second stage is controlled by the soft segments (polyol) [360,404]. Regarding LS-PU, the 

first stage with a maximum weight loss at 335 °C is likely related to the decomposition of 

urethane moieties in the PU and other functional groups from LS, the second slow weight 

loss stage with a maximum weight loss at 550 °C was attributed to further structural 

rearrangements of pMDI and LS counterparts during char formation [410]. 
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Figure 49. FTIR-ATR spectra of (a) LS, (b) LS-based PU adhesive (formulation 5 in Table 5), and 

(c) LS-based PU adhesive with PEG200 (formulation 8 in Table 5). 

 

Table 19. Assignments of the FTIR bands in the spectra of LS, LS-MDI and LS-MDI-PEG 

[51,303,306,308,414]. 

Band (cm–1) Assignment 

3600-3200 O-H stretching; N-H stretching (urethane group) 

2908/2842 C-H stretching in -CH2-, -CH3 and O-CH3 groups 

2262 C-N stretching (isocyanate group)  

1766 C=O stretching (urethane group) 

1644 C=O stretching (isocyanate group)  

1590 N-H deformation (isocyanate group), lignin aromatic groups 

1504 N-H bending (urethane group), lignin aromatic groups 

1406 C-N stretching in amide (urethane group) 

1302 C-N stretching (urethane group) 

1216 C-N stretching (urethane group) 

1036 C-O stretching in aliphatic OH 

808 C-H deformation out-of-plane, aromatic ring 

 

Regarding LS-PEG-PU, the first stage with a maximum weight loss at 330 °C is related 

to the decomposition of urethane groups and LS (similarly to LS-PU) but, in this case, the 

second stage appears as a shoulder around 450 °C in Figure 50b and is most probably 
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associated to the degradation of PEG [360]. Significantly higher residual char content in the 

thermal degradation of LS-PEG-PU than LS-PU (Figure 50a) is indicative of the much 

denser molecular structure of the former. This is in tune with FTIR analysis results that 

showed the eventual intensification of molecular crosslinking in LS-pMDI adhesive with 

addition of PEG200 in the reaction system.  

 

 

Figure 50. TGA curves of LS (― ---), LS-based PU without PEG200 (formulation 5; ― --- LS-PU), 

and LS-based PU containing PEG200 (formulation 8; ― --- LS-PEG-PU): (a) weight loss under inert 

N2 gas flow and (b) derivative of the weight loss. 

 

The curing of LS-based PU formulation with and without the addition of PEG200 was 

studied by DMA analysis under non-isothermal conditions, as depicted in Figure 51-1a and 

Figure 51-1b. A post curing heating scan was carried out to assess the Tg of both LS-based 

PU adhesives (Figure 51-2a and Figure 51-2b). For each PU formulation, a replica was 

prepared and analysed. It should be noted that the curves of the storage and loss modulus, 

E’ and E’’ respectively, are not shown due to the influence of the material pocket.  

Concerning the curing process, in the tan δ profile the transition assigned to the PU curing 

starts around 60 °C for both types of LS-based PU formulations with and without PEG200, 

i.e., formulations 5 and 8 (Table 5), respectively. To study curing processes using DMA 

analysis, two points should be determined, the point of gelation (when the material changes 

from a viscous liquid to a viscoelastic solid, which is the E’–E’’ crossover or where tan δ is 

equal to one) and the point of vitrification (when the curing system reaches such high 
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viscosity that limits further curing and the bulk reaction stops, commonly taken as the onset 

plateau of the storage modulus) [296]. However, in this case, this type of study could not be 

carried out since the E’ and E’’ curves couldn’t be considered due to the use of the material 

pocket accessory. Still, some observations can be pointed out when comparing the DMA 

profile of each formulation with its respective replica. Taking into account that each 

formulation was replicated using exactly the same procedure, it is clear that the curing 

behaviour of two equal PU formulations does not match (the profile has some similarities 

but is still different). The only possible explanation for this occurrence is the mixing process 

after the addition of crosslinker pMDI and consequently the reagents diffusion. In the 

formulation without PEG200, isocyanate groups react with water and OH groups in LS (most 

likely aliphatic OH groups in the γ–position [211]), while in the formulation with PEG200, 

isocyanate groups react with water, OH groups in LS and OH groups from PEG200. Reactions 

between the isocyanate groups with available OH groups depend mostly on the 

accessibility/reactivity of different OH groups and also on the efficiency of the mixing 

process and consequently diffusion. Therefore, due to the high apparent viscosity of the 

reaction mixture, it is possible that the mixing was not perfect enough and that crosslinking 

was different for the same formulation affecting the curing process. Furthermore, the 

addition of PEG200 to the formulation also changed the curing profile compared to the one 

from the LS-based PU without PEG200, increasing the temperature at which the curing 

process appears to be completed around 135–140 °C. Moreover, the broadening of tan δ peak 

for the system containing PEG200 seems to be less pronounced indicating a more uniform 

crosslinked network. 
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Figure 51. DMA profiles of (a) LS-based PU without PEG200 (LS-PU) and (b) LS-based PU with 

PEG200 (LS-PEG-PU). 

 

Since DMA is much more sensitive to detect Tg than other techniques, such as DSC, and 

can easily measure transitions that may not be apparent in other thermal methods [296], after 

the curing process, each material pocket containing the cured PU adhesive was cooled back 

to –20 °C and was used to perform a second DMA run to determine the Tg. Based on TGA 

analysis (Figure 50), this run was carried out only up to 200 °C to avoid potential thermal 

degradation of the products. Surprisingly, no Tg was observed in any post-curing tan δ 

profile, which means that LS-based PU adhesives do not display clear softening behaviour 

in the temperature range between –20 and 200 °C. The values of Tg are dependent on the 

lignin and PEG contents and usually increase with increasing weight fraction of lignin (stiff 

component) and decrease with increasing weight fraction of PEG (soft segment) [211,415]. 

Though most values reported in the literature (ranging from –40 to 105 °C [211,415]) were 

determined by DSC and values determined from DMA analysis can be higher than DSC’s 

by 25 °C [296], some softening behaviour would be expected.  

 

7.3.2. Evaluation of the adhesion strength of LS-based PU adhesives 

It is known that an efficient wood adhesive must spread across the wood surface but also 

wet said surface to increase the contact area, i.e., the interface. The goal is to develop 
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molecular interactions between the adhesive and wood. Therefore, a good adhesive wetting 

can produce an effective wood bonding. Yet, other parameters are also important such as 

efficient solidification of the adhesive to provide strength (in this case, through chemical 

curing) and sufficient deformability (related to the flexibility of the resulting adhesive due 

to the addition of PEG200) of the cured adhesive to reduce stress [416]. ABES testing was 

performed to evaluate the strength of adhesion of the LS-based PU adhesives and to assess 

the effect of the PEG200 amount on the adhesion results. Additionally, results were compared 

from those obtained when using commercial white glue (Figure 52). ABES testing measures 

the force under tension needed to break the adhesive bond and shear strength gives an 

indication of the strength of an adhesive. Therefore, the higher is the force needed to break 

the bond, the higher is the shear strength value. At first glance, all LS-based PU adhesives 

showed adhesion strengths somewhat lower or similar to those obtained using commercial 

white glue. This means that LS-based PUs displayed variable adhesive properties depending 

on the formulation composition, but still comparable to the commercial adhesive. Another 

fact is that the errors associated to each strength value are quite high. This was especially 

noticeable for the commercial white glue. Considering that one replica of each formulation 

was prepared, the results suggest that there are significant differences between replicas of 

the same formulation, as observed when performing DMA analysis (Figure 51), affecting 

crosslinking and thus the curing process and eventually the adhesion strength. Furthermore, 

for each formulation, a minimum of three sets of bonded strips were prepared and even 

within the same formulation, different strength values were obtained (yet, only concordant 

values were chosen and individual data are not shown). This indicates that, for the same 

formulation, the samples applied on the wood strip are different from one another, possibly 

due to poor reagents mixing. Furthermore, only 10 mg of adhesive was applied to the strip, 

which may not be fully representative of the entire product. It could be also suggested that 

comparing formulations containing 900 mg of pMDI with those containing 1000 mg of 

pMDI, strength values are quite similar. However, it appears that the strength values of 

formulations containing 1000 mg showed less variability than those of formulations 

containing 900 mg of pMDI. These results suggest that when the system comprise higher 

amounts of pMDI it is under kinetic control (higher reactivity, hence more reticulation) as 

opposed to diffusion control (which leads to higher heterogeneity, hence less reticulation) 

when lower amounts of pMDI are used. As expected, the best adhesion results were obtained 
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with the addition of 100 L of PEG200 as this polyol provides flexibility and promotes further 

crosslinking extension as discussed above. 

 

 

Figure 52. Shear strength values for each LS-based PU formulation as a function of the content of 

PEG200 against the shear strength of commercial white glue (each value correspond to the average of 

a minimum of three values. 

 

Indeed, in practice, when adhesives were prepared, formulations containing higher 

amount of pMDI and also containing PEG200 were easier to homogenize. Overall, adhesion 

strength results showed significant effect of the variation in pMDI content and the amount 

of added PEG200. This is not particularly surprising since, as suggested by Thring and co-

workers [417], the chain length of PEG200 may be too short to bridge in the network due to 

steric hindrance from the chemical structure of lignin. Therefore, a balance must be found 

between the lignin content and PEG200 since lignin-derived PU materials produced using 

PEG200 are either too weak at low lignin content, or too brittle at higher amounts of lignin. 

In this case, it is possible that PEG with higher molecular weight could have provided 

different adhesion behaviour. 

It is noteworthy that when performing ABES testing, the way adhesive bonding breaks is 

extremely important. Figure 53 depicts some photographs of the bonding areas of some 

wood strips after ABES testing. Since the main objective of ABES testing is to determine 

the adhesive strength, the adhesive failure must occur within the adhesive (as it is shown by 
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green circles when adhesive remained in both strips), but not adhesive failure with adhesion 

to the substrate (as it is shown by yellow circles when the adhesive was transferred to one of 

the strips due to adhesion failure between adhesive and substrate). Additionally, substrate 

failure (red circles) should not occur neither though, when it does, it means that the strength 

of the adhesive is too high [418]. Based on the results obtained, the occurrence of adhesion 

failure to the substrate suggests that the LS-based PU adhesive did not sufficiently wet the 

strip surface. Adhesives must flow to the surface of the wood and penetrate the entire tissue 

of the wood so that intermolecular interactions (strong covalent bonds and/or mechanical 

locking) between the adhesive and the wood can occur [416]. In fact, all adhesives lacked 

sufficient fluidity and low viscosity to be sufficiently absorbed by the wood strip. In addition, 

the bonding failure of the adhesives was very irregular confirming the lack of homogeneity 

in the composition of each LS-based PU formulation. In practice, optimization of the 

adhesive composition in relation to the bonded substrate is still required. 

 

 

Figure 53. Photographs of selected veneer strips after ABES testing showing different types of 

failure ( Adhesion failure within the adhesive – good result ✓;  Adhesion failure to the substrate 

– failed result ; and  substrate failure – failed result ). 
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7.3.3. Kinetic study of the curing process of LS-based PU adhesive containing 

soft segment PEG200 

The study of the curing process is highly important in the industry as it is a 

complementary analysis tool that provides additional understanding on the mechanism of 

curing reaction, in order to control and optimize the curing process. Therefore, the cure of 

LS-PEG200(150)-PU (formulation 8 in Table 5), which is the most promising and flexible 

adhesive, was studied using non-isothermal DSC. The plots of the degree of cure 

(conversion, α) and the rate of heat generated (dα·dT–1) at different heating rates (β) as a 

function of the temperature (T) are depicted in Figure 54. As expected [404,419], the 

conversion rate increased up to a maximum value and then decreased indicating that the free 

volume between the macromolecules allows molecular movement during the curing process 

up to 70 to 80 % of conversion but beyond crosslinks start to break down. Furthermore, 

peaks shifted towards higher temperatures as β increased. As the temperature increased, α 

also increased up to 1 (maximum degree of conversion) slowly at the initial curing stage and 

then more abruptly at the end. The S-shaped curves confirmed that the reaction only starts 

after a certain temperature is achieved and this occurrence is in agreement with the literature 

[404,420]. 

 

 

Figure 54. Effect of heating rate on the cure of LS-based PU containing 150 μL PEG200 (formulation 

8, Table 5). 
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Next, the Ea of the curing process of LS-based PU containing PEG200 (150 μL) was 

determined using the Kissinger and the Ozawa methods, and the corresponding plots are 

depicted in Figure 55. From the slopes of each linear plot, Ea was 65.2 and 70.7 kJ·mol−1, 

for the Kissinger and Ozawa methods, respectively. The value of Ea for the Ozawa method 

is higher than the one for the Kissinger method due to approximations performed in the 

Ozawa method, which is in agreement with the literature data [404,421].  

 

 

Figure 55. Kissinger and Ozawa plots for the determination of the Ea for the curing process of LS-

based PU containing 150 μL PEG200 (formulation 8, Table 5). 

 

Since Ea is not constant and varies with α, the Kissinger and the Ozawa methods can be 

used to determine the Ea throughout the entire cure reaction [404,419–421]. Therefore, the 

resulting Kissinger and Ozawa plots are presented in Figure 56 including the respective 

equations for the different α, which are listed in Table 20. The Ea calculated for different 

extends of reaction using the Kissinger and the Ozawa methods are shown in Figure 57. The 

trend observed is in agreement with that registered in a previous study regarding the variation 

of Ea throughout the curing process of a castor oil based PU [404]. As suggested in that 

study, the increase in Ea at lower α values (from α = 0.1 to 0.7) can be attributed to the 

crosslinking within the PU network while the slight decrease in Ea at higher α values can be 

attributed to the breaking of crosslinks resulting in increasing chain flexibility. This type of 

behaviour was also observed for epoxy resins [421]. 
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Figure 56. Determination of Ea using (a) the Kissinger and (b) the Ozawa methods for the curing 

process of LS-based PU containing PEG200 (150 μL). 

 

Table 20. Kissinger and Ozawa equations from plots in Figure 56. 

α 
Kissinger 

 
Ozawa 

Equation R2 Equation R2 

0.1 y = –6.582x + 12.811 0.940  y = –7.186x + 26.232 0.950 

0.2 y = –6.395x + 11.283 0.962  y = –7.022x + 24.780 0.969 

0.3 y = –6.643x + 11.424 0.980  y = –7.287x + 24.974 0.983 

0.4 y = –7.122x + 12.378 0.983  y = –7.779x + 25.968 0.986 

0.5 y = –7.677x + 13.604 0.967  y = –8.346x + 27.228 0.972 

0.6 y = –8.186x + 14.712 0.934  y = –8.864x + 28.365 0.943 

0.7 y = –8.599x + 15.545 0.889  y = –9.286x + 29.224 0.903 

0.8 y = –8.879x + 15.979 0.839  y = –9.576x + 29.686 0.858 

0.9 y = –8.845x + 15.459 0.773  y = –9.552x + 29.197 0.799 
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Figure 57. Plots representing the dependence of Ea with α using the Kissinger and the Ozawa 

methods. 

 

7.4 CONCLUSIONS 

The results of this study demonstrate the possibility of using hardwood lignosulphonates 

as macropolyols in polyurethane formulations suitable for adhesive purposes. Due to some 

limitations in the accessibility/reactivity of hydroxyl groups in lignosulphonate (LS) in the 

reaction with 4'-methylene diphenyl diisocyanate (pMDI) and difficulties in effective 

homogenization of the reaction mixture, the addition of polyethylene glycol diol of low 

molecular weight (Mw 200, PEG200) seems to be advantageous to overcome, at least partially, 

these drawbacks. The important role of PEG200 in the consolidation of LS-based PU network 

via crosslinking reactions with pMDI has been demonstrated. It was also suggested that the 

addition of PEG200 in the LS-pMDI reaction mixture favoured the interfacial interaction 

between the LS-based PU adhesive and the glued material (wood strips). The adhesion 

strength of LS-based PU was comparable to the commercial white glue. The curing kinetics 

of LS-based PU adhesive with addition of PEG200 showed similar trend to those observed 

previously with other PU formulations. The activation energy determined is within the range 

of 60-70 kJ·mol−1 depending the applied methodology. The next step would be to study the 

use of unrefined spent liquor for the same purpose. 
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8.1 FINAL REMARKS 

The rising awareness of climate change and scarcity of fossil resources has drawn 

attention to the relevance of the biorefinery concept worldwide and as a result of this to the 

potential of renewable materials. It is known that technical lignins can be functionalized and 

directed to various applications as dispersants, adhesives, plastics, resins, conducting 

polymeric composites, among many others. Since most of the current industrial applications 

depend on the good water-solubility of technical lignins, world lignin market is largely 

restricted to lignosulphonates (LS), therefore their marketing and consequent profit is 

guaranteed. Still, the possibility of increasing the company profits with the valorization of 

LS, through the production of value-added products for different market applications is 

highly motivating. 

Due to the re-profiling of the acidic sulphite process at CAIMA company in the last years, 

the primary study was required to evaluate the chemical composition of thin (SSL) and thick 

(THSL) sulphite spent liquors from the production of dissolving pulp and the structural 

features of dissolved lignosulphonates (LS). The results suggest that the current SSL and 

THSL maintained similar features to those from the production of paper-grade pulp and that 

the harsher conditions of the modified cooking process for dissolving pulp production 

affected moderately the main structural features of the ensuing LS. In particular, the 

molecular weight of LS was increased by about 50% and almost doubled the amount of 

phenolic and sulfonic acid groups, although the degree of condensation of LS has also 

increased by almost 25%. In general, considering the possible applications of LS, the 

changes detected in its composition and structure due to the modification of cooking are not 

critical and can be potentially advantageous for the production of polymeric formulations 

based on LS.  

Another goal of this study was to improve LS dispersion efficiency for concrete 

formulations with the ultimate aim of substituting (partially or even fully) commercial 

petroleum-based superplasticizers, such as polycarboxylates. Therefore, different chemical 

modification strategies were used to achieve this purpose. The first approach consisted of 

increasing the molecular weight of LS through laccase-catalyzed oxidative polymerization, 

which yielded a modified LS with increased Mw (11-fold from initial Mw of LS) and some 

structural changes (such as decreased of the S/G ratio compared to unmodified LS). Other 
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strategies were also employed, such as POM-mediated laccase modification of LS, which 

did not significantly change the LS structure, and glyoxalation and RAFT polymerization, 

both of which turned out to be unsuccessful. Finally, the synthesis of LS-based non-ionic 

polymeric dispersants, when using epoxidized oligomer derivatives of PPG yielded the 

targeted enhanced dispersant properties. Although the molecular weight of this product 

increased only slightly, it was the only product exhibiting relevant enhanced dispersant 

efficiency compared to unmodified LS and the other modified LS. This behaviour was not 

as relevant as the dispersion efficiency of the commercial petroleum-based superplasticizers 

used for comparison. Yet, the results suggest that this study is well on the way to obtaining 

improved dispersants from LS. While the dispersion mechanism of LS is related with 

electrostatic repulsion, it is possible that the dispersion mechanism of PPG-modified LS 

might involve electrostatic repulsions along with steric hindrance (just like for 

polycarboxylates). 

The development of conducting polymeric formulations resulted in the preparation of all-

solid-state potentiometric chemical sensors for the detection of transition metals in aqueous 

solutions. For this purpose, LS-based polyurethane (PU) flexible membranes doped with 

different amounts of MWCNTs were synthesised. The LS-based composite containing 1 % 

w/w MWCNTs displayed relevant electrical conductivity being suitable for sensing 

applications. These sensors showed sensitivity to a series of transition metals, such as Cu(II), 

Zn(II), Cd(II), Cr(III), Cr(VI), Hg(II), and Ag(I) at pH 7, exhibited a response to the 

Cr(VI)/Cr(III) redox pair at pH 2 and a weak but not negligible response toward ionic liquids, 

[C2mim]Cl and ChCl. The results suggested that the response is highly dependent on the 

type of lignin used (including the wood source and pulping conditions). Other carbon 

nanofillers, such as graphene oxide, reduced graphene oxide and graphite, were also studied. 

However, none of the ensuing composites displayed electrical conductivity probably due to 

the lack of a continuous conductive network within the polymer matrix.  

Finally, the unmodified LS was used as macropolyol in PU formulations for adhesive 

purposes. Due to some limitations in the accessibility/reactivity of hydroxyl groups in LS in 

the reaction with pMDI and difficulties in effective homogenization of the reaction mixture, 

the addition of PEG with low molecular weight (Mw 200, PEG200) seems to be advantageous 

to overcome, at least partially, these drawbacks. The results suggested that the addition of 

PEG200 in the LS-pMDI reaction mixture favoured the interfacial interaction between the 
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LS-based PU adhesive and the glued material (wood strips). The adhesion strength of LS-

based PU was comparable to a commercial white glue. Since the final properties of an 

adhesive material are highly dependent on the control of the curing process, the kinetic 

parameters of the curing process were assessed for the most promising adhesive formulation 

using the Kissinger and the Ozawa methods by non-isothermal differential scanning 

calorimetry. It was concluded that the curing process follows a similar trend to that observed 

with other PU formulations and that the activation energy is within the range of 60-70 

kJ·mol−1 depending on the applied method. 

In conclusion, this thesis demonstrated the potential of using eucalypt LS, an abundant 

biodegradable renewable resource for the production of value-added products such as 

polymeric formulations for different applications.  

 

8.2 FUTURE PERSPECTIVES 

As previously mentioned, the main goal of this thesis was the valorization of eucalypt LS 

towards new added-value products to expand the economic profits of the pulp industry 

within the scope of biorefinery and circular economy concepts. Considering the studies 

presented above, further work can still be performed to complement the results: 

1) Considering the enhanced dispersion efficiency of the obtained PPG-modified LS 

materials for concrete formulations, it would be interesting to study other types of 

functionalised oligomers of different molecular weight reactive with LS in aqueous 

solutions, such as PEG/PPG monoglycidyl ether derivatives or water-soluble 

polysiloxane derivatives. The further study on the dispersion mechanisms of cement 

particles using promising LS-based dispersants would be desirable. 

2) Regarding the preparation of potentiometric sensors, it would be interesting to 

investigate the sensitivity of LS-based conducting composites to different classes of 

potentially hazardous compounds for their reliable detection in solutions. The 

evaluation of conducting polymeric membranes in fuel cell assembles would be 

another interesting topic.  

3) Concerning the synthesis of LS-based PU adhesives, it would be worth to investigate 

the effect of using other polyols as soft segments, such as PEGs with molecular weight 
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higher than 200 and other bio-based polyols (e.g., castor oil). Also, to reduce costs 

associated with LS purification, industrial sulphite spent liquor should be tested as 

macropolyols (instead of purified LS) to prepare the most promising adhesive 

formulations and their adhesion strength determined. Other types of PU adhesives can 

also be prepared such as non-isocyanate PUs as well as completely different 

adhesives, namely formaldehyde-free phenolic resins using LS as a replacement of 

phenol (with and without modification). 

In brief, the results obtained from this thesis have opened new avenues to be followed 

towards the production of high-added value materials within the circular economy concept. 

Nevertheless, life cycle and cost analyses will be crucial for further progress. 
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