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Preface

This book is a result of more than 25 years of research on lignin valorization at the 
Laboratory of Separation and Reaction Engineering (LSRE), now Associate 
Laboratory LSRE-LCM at the Department of Chemical Engineering, Faculty of 
Engineering of the University of Porto (FEUP).

It all started with an invitation of Roberto Cunningham, coordinator of 
Subprogram IV (Biomass as source of chemicals and energy) of CYTED (Iberian-
American Program on Science and Technology for Development), to join project 
IV.2 “Transformation of lignin on high-added value products” directed by Alberto 
Venica. The project involved partners from Spain, Portugal, and Latin-American 
countries.

My task was to produce vanillin from lignin by oxidation and another partner, 
Mary Lopretti from Uruguay, was using a biochemical route to get vanillin out of 
lignin. This was in 1990. By chance a Brazilian student applied for a PhD – Álvaro 
Luiz Mathias from UFPR in Curitiba. He took the subject and started lignin oxida-
tion studies in a Büchi batch reactor. He was more trained in analytical chemistry, 
and we went to the pulp mill in Cacia of Portucel processing Pinus pinaster at that 
time (now it belongs to The Navigator Company and processes only Eucalyptus 
globulus), took samples of black liquor, and isolated lignin for the oxidation studies 
aiming at producing vanillin. Alvaro Mathias defended his PhD in 1993 “Production 
of vanillin from lignin: kinetics and process study.”

At that time, I got a Human Capital and Mobility grant from European Union 
allowing me to hire some postdocs, and Claire Fargues from Nancy (now at IUT 
d’Orsay) joined this research program. From this research some publications 
appeared: Fargues et al. 1996 (Kinetics of vanillin production from kraft lignin oxi-
dation, Ind Eng Chem Res 35, 28–36); Mathias et al. 1995 (Chemical and biological 
oxidation of Pinus pinaster lignin for the production of vanillin, J Chem Tech 
Biotechnol 64, 225–234); Mathias and Rodrigues 1995 (Production of vanillin by 
oxidation of pine kraft lignins with oxygen, Holzforschung 49, 273–278).

The next step was to make the lignin oxidation process continuous, and a labora-
tory reactor was built using a structured packing from Sulzer. This was done in the 
PhD thesis of Daniel Araújo “Development of a process for vanillin production 
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from kraft black liquor” (2008) and published in Catalysis Today 147, S330–S335 
(2009); Catalysis Today 105, 574–581 (2005); and ChERD 88, 1024–1032 (2010).

In the meantime, the idea of an integrated process to produce vanillin from the 
black liquor was being tackled step by step. First using model compounds mem-
brane separation of lignin/vanillin mixture was studied by Miriam Zabkova (now at 
VULM, Slovakia) and Eduardo Borges da Silva (now at Novozymes, Curitiba, 
Brazil) and then ion exchange to convert low molecular weight sodium vanillate in 
vanillin. The whole integrated process was published in ChERD 87, 1276–1292 
(2009) where degraded lignin was also used to produce polyurethanes. An inte-
grated process to produce vanillin and lignin-based polyurethanes from kraft lignin 
is sketched below. The contribution to the field of polyurethane materials in LSRE-
LCM is being conducted by Prof. Filomena Barreiro, presently at the Polytechnic 
Institute of Bragança. This was the topic of the PhD of Carolina Cateto (2008), now 
at ExxonMobil (Belgium).

 

In 2009, Dr. Paula Pinto joined the laboratory LSRE and was engaged in various 
biorefinery projects with industry: Bioblocks with The Navigator Company and 
another project with a USA company both in lignin topic, and BIIPP (Biorrefinaria 
Integrada na Industria de Pasta e Papel) in polyphenols from eucalyptus bark. 
During her stay at LSRE two PhD theses were concluded: Carina Costa “Vanillin 
and syringaldehyde from side streams of pulp & paper industries and biorefineries” 
(2017) and Inês Mota “Fractionation of syringaldehyde and vanillin from oxidation 
of lignin” (2017).

Preface
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During this period various advances were achieved to produce vanillin and syrin-
galdehyde from lignin. A radar tool (Costa et al. 2015, “Radar tool for lignin clas-
sification on the perspective of its valorization,” Ind Eng Chem Res 54 (31), 
7580–7590) was developed to characterize and screen lignins for the production of 
vanillin and syringaldehyde. Detailed studies on membrane fractionation and 
adsorption/desorption were done in view of the final objective: Costa et al. 2018 
(“Lignin fractionation from E. globulus kraft liquor by ultrafiltration in a three stage 
membrane sequence,” Sep. Pur. Tech 192, 140–151), Pinto et al. 2017 (“Separation 
and recovery of polyphenols and carbohydrates from Eucalyptus bark extract by 
ultrafiltration/diafiltration and adsorption processes,” Sep Pur Tech 183, 96–105), 
Mota et al. 2016 (“Successful recovery and concentration of vanillin and syringal-
dehyde onto a polymeric adsorbent with ethanol/water solution,” Chem Eng J 294, 
73–82), and Pinto et al. 2016 (“Performance of side-streams from eucalyptus pro-
cessing as sources of polysaccharides and lignins by kraft delignification,” Ind Eng 
Chem Res 55 (2), 516–526).

Paula Pinto left LSRE-LCM and joined the R&D center RAIZ of The Navigator 
Company in 2016 followed by Inês Mota in 2017.

The work now continues with three PhD students. Elson Gomes started in 2015; 
his thesis looking at fractionation of membrane permeate by adsorption separating 
acids, aldehydes, and ketones (Gomes et al. 2018, “Fractionation of acids, ketones 
and aldehydes from alkaline lignin oxidation solution with SP 700 resin,” Sep Pur 
Tech 194, 256–264) and the final step (crystallization) of the integrated process; 
Filipa Casimiro hired in 2016 is dealing with the oxidation of species resulting from 
lignin oxidation, and Carlos Vega-Aguilar (Costa Rica) started his PhD in 2017 on 
the production of dicarboxylic acids from lignin.

The book is organized in five chapters. Chapter 1 deals with “Chemical pulp 
mills as biorefineries,” providing an overview of delignification industrial processes, 
integration of new biorefining processes in pulp industry, characterization and clas-
sification of lignins using a radar tool, and bark composition and products from 
bark. Chapter 2 addresses an “Integrated process for vanillin and syringaldehyde 
production from kraft lignin.” It starts with lignin oxidation in batch reactor and 
then in a continuous structured packed bed reactor. Separation processes (mem-
brane, ion exchange, and adsorption/desorption) are detailed next to separate the 
low molecular weight phenolics from the degraded lignin and recovery. Chapter 3 is 
about “Polyurethanes from recovered and depolymerized lignins.” After an over-
view of strategies and opportunities, the use of lignin as such is discussed and then 
the lignin use after chemical modification is analyzed in particular the case of pro-
duction of polyurethanes. Chapter 4 deals with “Polyphenols from bark of 
Eucalyptus globulus” including composition of polar extracts and extraction of 
polyphenols followed by fractionation of ethanolic extracts. Chapter 5 presents 
“Conclusions and future perspectives.”

Porto, Portugal� Alírio Egídio Rodrigues 
March 1, 2018

Preface
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Chapter 1
Chemical Pulp Mills as Biorefineries

Abstract  Forest-based biorefinery is a multiplatform unit converting lignocellu-
losic biomass into several intermediates and final products according to different 
transformation pathways. Among intermediates and final products, cellulose, lignin, 
biofuels, and simple sugars stand out as commodities, while some general examples 
of specialties are flavoring agents, intermediates for chemical synthesis, and build-
ing blocks for polymers. Most of these specialties come from further conversion of 
commodities via different conversion and separation routes. Similarly, to a refinery, 
these units start with a complex and multicomponent matrix (crude oil versus bio-
mass) and its fractionation and conversion into a variety of products which will 
serve as feedstock to another industrial step. Different levels of conversion plat-
forms can be considered in a single biorefinery, from high production (low price) to 
small production for a specific market (high price).

Pulp industry has been recognized as the leading industrial sector in biorefining 
since a long time ago due to the raw materials and to the integrated production of 
pulp (cellulose) and energy, mostly provided by burning lignin of the black liquor. 
In a more extended sense, pulp and paper industry is an example of realistic circular 
(bio)economy implementation, considering energy cycle, water recycle in the pro-
cess, and chemical recovery cycle and on-site production. In the following sections, 
a general overview about chemical pulping will be given. The most common side 
stream and chemical recovery processes will be addressed along with the main steps 
for integration of biorefinery processes in pulp mills. Finally, recent advances of 
lignin end uses and new perspectives will be presented.

Keywords  Pulp mills · Biorefineries · Lignin characterization · Delignification 
process · Radar tool · Kraft pulping · Sulphite pulping · Kraft lignin · Lignosulfonates 
· Organosolv · Bark
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1.1  �General Overview: Delignification Industrial Processes

Mechanical pulping and chemical pulping are the two main industrial processes for 
fiber separation, leading to materials with different properties for different end uses. 
Mechanical processes have a high energy demand, and fiber separation is achieved 
by mechanical force and softening the middle lamella lignin (Popa 2013). Chemical 
pulping is required for removing lignin from lignocellulosic matrix leading to the 
cellulosic fiber separation with minimum of mechanical force – delignification – 
and, therefore, this section is focused on these processes. This is the principle of 
pulping technology by chemical processes. However, nowadays, delignification has 
a broad sense, and the general concept has been applied to different types, rates, and 
extents of delignification in biorefining processes.

In pulping chemical processes, lignin is cleaved, and new charged groups are 
introduced leading to dissolution of lignin/lignin fragments in the pulping liquor, 
while the polysaccharide-rich fraction remains as a cake and proceeds for washing 
and bleaching stages. However, delignification has a limited selectivity for lignin; 
therefore, a fraction of initial carbohydrates, in particular the hemicellulose, is also 
dissolved in pulping liquor and lost. Pulping is stopped at a predefined level of 
residual lignin content in pulp in order to avoid further pulp yield decrease due to 
carbohydrate degradation. In general, chemical pulp fibers are more flexible than 
mechanical ones, leading to a better paper formation and giving good strength prop-
erties to chemical pulp. Kappa number is the parameter used for estimating the 
residual content of lignin in the pulp and the delignification degree.

Kraft Pulping
The first alkaline process developed for pulp production from wood is attributed to 
Burgess and Watt in 1851, known as the soda process. The introduction of sulfides 
into pulp production was patented in 1870 by Eaton, but the first kraft process was 
implemented only in 1885 in Sweden (Sjöström 1993). About 90% of the global 
chemical pulp is produced by kraft process. This process uses, as active reagents, 
sodium sulfide and sodium hydroxide. It is applicable to almost all wood species, 
resulting in high yields and pulps with better physico-mechanical properties com-
pared to other processes and is therefore known as the “kraft process” (“kraft” 
stands for “strong” in German and Swedish). One of the disadvantages of this pro-
cess is, besides the emission of malodor compounds, the dark color of pulp. 
However, the development of bleaching techniques in the 1940s has enabled the 
production of white cellulosic pulps of superior quality leading to the consolidation 
of kraft process. It is currently the dominant pulping chemical process in the world 
(90% of pulp production) (Popa 2013), being applicable to a wide variety of wood 
species with efficient regeneration of chemicals and energy (Clayton et al. 1983; 
Gullichsen 1999; Minor 1996; Ek et al. 2009; Sjostrom 1981).

The debarked wood logs are converted to woodchips and sieved, selecting the 
chips with the appropriate dimensions to assure uniform delignification at the 
digester. In the continuous process, the wood chips are pre-vaporized to facilitate 

1  Chemical Pulp Mills as Biorefineries
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impregnation and are introduced into the kraft digester with white liquor. White 
liquor, or pulping liquor, is composed of sodium hydroxide, NaOH, and sodium 
sulfide, Na2S. The ions OH− and hydrogen sulfide HS− are the species that react 
with lignin during kraft pulping. The concentration of these chemicals is usually 
expressed in equivalent amounts of Na2O, being effective alkali, active alkali, and 
sulfidity the most important parameters of white liquor. The active alkali concentra-
tion depends on the active alkali charge and also on the liquor-to-wood ratio. To 
produce bleachable pulp grades from hardwoods, the active alkali charge required 
ranges from 17% to 19% NaOH, while for softwood higher charge is required, usu-
ally between 20% and 25%. At higher values, for a fixed temperature, the delignifi-
cation rate increases. In general, the initial active alkali concentration is 40–60 g/L 
NaOH for kraft pulping. White liquor includes also salts inactive in pulping process, 
such as sodium sulfate (Na2SO4) and sodium carbonate (Na2CO3), coming from 
chemical recovery cycle (referred later in this section). The sulfidity strongly influ-
ences the pulping rate and process selectivity, and it is expressed as the percent ratio 
between sodium sulfide and active alkali. The sulfidity ranges between 25% and 
35% for the cooking of hardwoods and 35–40% for softwoods. Pulping temperature 
is in the range 160–175 °C and pressure 7–12 bar (Gullichsen 1999; Sjostrom 1981). 
Pulping is stopped by extracting the liquor containing the dissolved material, 
referred to as black liquor, and then washed, removing the uncooked chips and other 
fragments, obtaining the raw pulp. After that, impurities such as shives and dirt are 
removed in the screening process, and then the pulp can be bleached or used for the 
manufacture of paper or board. The black liquor and the washing water are then 
introduced in the recovery circuit: diluted black liquor is evaporated, and the con-
centrated stream is burnt at the recovery boiler for energy production from dissolved 
organic compounds and recovery of inorganic compounds. The resulting stream 
(smelt) results in green liquor which is converted to white liquor by causticizing, at 
the chemical circuit (Clayton et al. 1983; Gullichsen 1999; Ek et al. 2009). A simpli-
fied scheme of this sequence of processes is presented in Fig. 1.1. The pulp yield is 
approximately 50%, depending on the wood and conditions used (Gullichsen 1999). 
For each ton of pulp produced, about 10 tons of weak black liquor, containing 
between 1.2 tons and 2.0 of dry solids, are generated.

Kraft pulping operations are highly integrated, and the recovery process is one of 
the most relevant advantages assuring the sustainability of this process (Sect. 1.2). 
However, the recovery boiler capacity is limited, hampering the increase of pulp 
production. Therefore, some mills have been considering the removal of part of 
black liquor from the circuit, or organic material dissolved in black liquor, and, 
therefore, gaining some additional pulp production capacity. At the same time, sev-
eral efforts have been made to get marketable kraft lignin product in order to cover 
the capital and operational expenditure, since burning is a very limited solution for 
lignin. Some companies have been designing and building their own lignin isolation 
processes, and there are commercial solutions for this purpose in the market, being 
already operational (Sect. 1.4.3).

1.1  General Overview: Delignification Industrial Processes
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Sulfite Pulping
Sulfite pulping was developed and patented by the American chemist Benjamin 
Chew Tilghman in 1867. Acid sulfite pulping was the dominant pulping process 
until the 1940s, when it was succeeded by kraft cooking. Some modifications to the 
process were introduced, mainly in the 1950s and 1960s, replacing calcium by mag-
nesium, sodium, or ammonium, giving rise to a more flexible process, extending it 
to different raw materials, and producing different pulps. The dominant cationic 
base in the process is magnesium. The sulfite pulping is referred to in different ways 
depending on the pH range used. In an acid medium, depending on the pH range, 
the process is named bisulfite acid (pH 1–2) or simple bisulfite (pH 3–5). In both 
cases, the active agents are H+ and HSO3

−. Neutral sulfite process operates at pH 
range of 6–9, and the active agents are HSO3

− and SO3
2−, while alkaline sulfite has 

a pH 10–13.5 with SO3
2− and OH−. The acid process produces dissolving pulp for 

textiles and pulp for newsprint or tissue, while pulps from neutral and alkaline sul-
fite are applied mainly for corrugated medium and package grades.

As compared with kraft pulp, cooking cycle is long, and it is not suitable for all 
wood species. However, acid sulfite pulp is brighter and can be used without bleach-
ing to produce some printing paper grades. The main disadvantage of this process 
as compared with kraft one is the sulfite spent liquor due to the high sulfur dioxide 
loss and the unfeasibility of chemical recovery (Popa 2013). However, lignosulfo-
nates have nowadays an established market being used mainly as dispersants in 
cement admixtures and dye solutions and binder for pelleting animal feed and for 
dust control, among others, thus creating an additional driving force for this pro-
cess, besides pulp. Borregaard LignoTech is one of the world leaders of 

Fig. 1.1  Sequence of processes in kraft pulping
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lignosulfonate-derived products, including vanillin flavor produced by oxidation of 
softwood lignosulfonates. Other player in the lignosulfonate market is Tembec, 
with an annual production capacity of 225,000 metric tons (Tembec 2002), recently 
acquired by Rayonier Advanced Materials (Rayonier Advanced Materials 2018). 
Burgo Group (Tolmezzo mill) is also a lignosulfonate producer, stating a wide range 
of applications (Burgo Group 2013).

1.2  �Side Streams and Current Recovery Cycles of Chemicals 
and Energy in Typical Mills

Black liquor is the main side stream of kraft pulping, containing about one half of 
the wood content together with spent pulping chemicals. At the final stage of pulp-
ing, black liquor is separated from cooked woodchips, and pulp washing waters are 
collected together with main stream, giving rise to the weak black liquor. About 10 
tons of weak black liquor is generated per ton of pulp produced, containing between 
12% and 20% of total solids. Weak black liquor is evaporated to reduce the water 
amount to about 15%. The resultant stream, heavy (or concentrated) black liquor, is 
then injected into the recovery boiler, the most important component of the kraft 
recovery cycle. This process makes pulp production self-sustaining for energy and 
almost sufficient for pulping chemicals. Figure 1.2 summarizes the main steps of 
the kraft recovery process. Black liquor is one of the fifth most important fuels in 
the world: globally over 1.3 billion tons/year of weak black liquor is produced. This 
represents about 200 million tons of dry solids to recover 50 million tons of cooking 
chemicals and simultaneously producing about 700 million tons of high-pressure 
steam (Reeve 2002).

The recovery cycle is briefly described. At recovery boiler the organic content of 
the black liquor is burned producing heat, which is then recovered by heat exchang-
ers and simultaneously takes place the first stage for chemical recovery. The heavy 
black liquor is injected; the organic material burns at 1000 °C, while other fraction 
burns onto the porous char bed under reducing conditions. In the char bed, sodium 
carbonate (Na2CO3) and sodium sulfide (Na2S) are the main chemicals generated 
from the sodium and sulfur (mainly sodium sulfate, Na2SO4) coming with the black 
liquor. Sodium carbonate and sodium sulfide are the two major components of the 
smelt. Smelt (the mixture of molten salts) flows out of the boiler and is brought to 
the dissolving tank producing the green liquor. The recovery in modern mill is 
higher than 90%. Makeup sodium sulfate can be added to compensate losses in 
pulping, which in average are between 10 and 20 kg per ton of pulp. The green 
liquor is then clarified, removing insoluble components (dregs), and goes to the 
causticizing plant. At this stage, sodium carbonate reacts with quicklime (CaO) in 
the presence of water producing sodium hydroxide (NaOH) (conversion nearly 
90%). Sodium hydroxide and sodium sulfide are the active components of the white 
liquor for the delignification reactions, and it is returned to the digester for reuse in 

1.2  Side Streams and Current Recovery Cycles of Chemicals and Energy in Typical…
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pulping. The CaCO3 (slaked lime) resulting from causticizing is washed to reduce 
Na losses and sent to the lime kiln to regenerate CaO for reuse (Fig. 1.2).

Methanol is generated in the kraft cooking process. It comes from the delignifi-
cation reactions, being washed out and then condensated at the evaporation plant 
and then often distilled in one or two distillation columns to produce a water-free 
methanol stream. The methanol stream contains various organic sulfur compounds 
and therefore has an unpleasant odor. Usually methanol is used as a support fuel for 
burners.

The bark and other forest biomass such as sawmill resulting from wood process-
ing into fines and primary sludge and secondary sludge coming from effluent treat-
ment are also considered side streams. Although not all of the forestry biomass 
coming from dedicated forest plantations is available for collecting (due to access 
and transport limitations and soil sustainability issues), there is an important source 
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of lignocellulosic material that can be integrated into different value chains, gener-
ating products, materials, and bioenergy. The bark (produced in bole debarking pro-
cess, being about 10% on wood basis) and forest biomass are currently burned at 
thermal boilers for energy production for using at mill site, and the surplus is intro-
duced in the electrical grid. However, the potential of these solid side streams is well 
known as source of bioactive compounds, polysaccharides, and even lignin (Pinto 
et al. 2016). Primary and secondary sludge and sawdust are produced in lower quan-
tities as compared with bark/forest residues. There are several opportunities for their 
applications such as fertilizers or as energy source as well. The strategy for their 
valorization is quite dependent on the particular company, being the landfill dis-
posal the last choice for most of them for environmental and economic reasons.

1.3  �The Integration of New Biorefining Processes in Pulp 
Industries

Forest-based industry is historically centered on pulp and energy production. Pulp 
and paper companies are mature commodity industries. However, several develop-
ments have been changing this paradigm, leading these companies to invest more in 
R&D activities and innovation and in a stepwise increase of business areas and 
product portfolio.

Biorefining and related processes have been considered and planned from a long 
time ago. Myerly and co-workers have published in 1981 the “Forest Refinery” 
(Myerly et al. 1981) giving their perspective based on up-to-date developments. In 
this paper, the authors have made a brief state of the art about biomass conversion 
to products, defending that “…we would get greater flexibility for its use if we were 
to refine biomass into cellulose, hemicellulose, and lignin cuts, preserving the integ-
rity of each to the maximum degree possible. These pure intermediates could then 
be converted to highest value.” From this perspective comes up that pulp industry is 
already a biorefinery converting forest material to bio-based products (pulp). 
Moreover, conventional kraft industry produces renewable energy from lignin and 
recovers pulping chemicals to be reintroduced in the process, while sulfite industry 
produces also lignosulfonates. Authors already mentioned other bio-based products 
already in the market at that time such as vanillin and turpentine, highlighting also 
the great potential to be exploited. Since then, massive scientific and technological 
progresses were made, and, nowadays, some pioneer industries have been extending 
their portfolio to other bio-based products, with several successful examples of 
biorefineries.

The pulping industry has a quite privileged position to gradually move into a for-
est biorefinery. This sector has the logistic, knowledge, and operational and indus-
trial systems to be at the front head of the forest-based bioeconomy. Some companies 
have already moved to biorefinery activity. One of the world’s most advanced 
forest-based biorefinery is Borregaard, producing lignin products, especially 
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cellulose, vanillin, and bioethanol for several economic sectors, from cosmetics to 
construction. Other pulp and paper industries in Europe and in the world are moving 
to bioproducts and advanced biofuels. Some examples of this new trend are the 
Stora Enso, UPM, and Domsjö in Europe and Suzano and Fibria in South America. 
In this case, the recent acquisitions of the Canadian company Lignol and the new 
company, Fibria Innovations, are some examples of development or integration of 
technology in pulp and paper companies focused on bioproducts.

Figure 1.3 presents examples of biorefining pathways integrated in pulping 
industry. In this scenario, after chipping, wood goes to the pulp mill, and other for-
estry biomass comes into the pre-extraction and purification sector. This sector 
could be a unit dedicated to extract and fractionate bioactive compounds or hemi-
celluloses. The solid residue left after extraction is then introduced in the pretreat-
ment/hydrolysis unit. At this stage, depending on the material and the previous type 
of process, a pretreatment (partial or complete delignification or steam explosion, 
among others, to liberate the fiber material) followed by hydrolysis could be consid-
ered. The final result should be sugar solutions and lignin. Lignin is also resulting 
from wood pulping process. Sugars and lignin can be further converted, in indepen-
dent routes, to advanced fuels, chemical building blocks, polymers, or other prod-
ucts in the same site or in other value-added industries. Examples of products from 
sugars are ethanol, lactic acid, furfural, and hydroxymethylfurfural, while lignins 
can be converted to advanced fuels, phenolic resins, polymers, bio-based materials 

Fig. 1.3  Integration of new biorefining possible pathways in pulp industries

1  Chemical Pulp Mills as Biorefineries



9

as composites or chemical intermediates, and flavors. In addition to these processes 
and products, other examples of future opportunity for pulp and paper mills are CO2 
capture, storage, and conversion (Jönsson and Berntsson 2010).

Considering the complex array of process and product opportunities, the evalua-
tion of the biorefinery pathway must be investigated for each mill, taking into 
account the techno-economic risk assessment for factors such as biomass availabil-
ity and price fluctuations due to competitive market for biomass, operating costs for 
new processes, and impact of technical solutions on product yield and quality and 
market. Defining the best business model looking to the best partner/product/pro-
cess combination for optimization of profit margins is essential.

Biorefinery implementation and new investments are based on company’s expec-
tations in high revenues and competitive advantage. However, the integration of a 
biorefinery model in a pulp industry should be based on a stepwise approach to miti-
gate the associated risk. This concept was described for lignin-based biorefinery 
strategy (Téguia et al. 2017). According to the authors, this strategic implementation 
is divided into three phases of increasing financial benefits and risk:

Phase I – The short-term phase (<5 year) should provide technology and business 
risk mitigation; in this phase the core business does not change. The objective of 
biorefinery projects at this stage is to use the products in internal processes, aiming 
at reducing production costs or carbon foot-printing, for example, by producing fuel 
substitutes and providing early profits. The advantage of this stepwise implementa-
tion is the flexibility to move the orientation of phase II according to the market 
trends and in the case of a more valuable strategy is identified.

Phase II – The bio-based products will be manufactured and introduced in the 
market. This involves changes in the core business and mission and requires new 
capital, new technologies, and new product logistic, sells, and marketing. At this 
stage, a solid and strong biorefinery partner outside the forest/pulp sector is required. 
The objective is to increase revenues.

Phase III  – This long-term strategy should be designed before embarking on 
phase I. At phase III the objective is to maximize the margins by scheduling product 
manufacturing by advanced supply chain techniques and requires manufacturing 
flexibility for conventional products (pulp, paper) and also for new bio-based 
products.

1.4  �Lignin: The Main Side Stream from Delignification 
Process

1.4.1  �Types of Lignins and Up-to-Date Market

The Confederation of European Pulp and Paper Industries (CEPI countries) has 
produced in 2016 about 41.7 million tons of pulp in the 153 pulp mills (CEPI 2017). 
The estimated value for lignin dissolved in black liquor per ton of bleached kraft 
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pulp produced is between 400 and 500  kg. Considering CEPI’s pulp production 
data, 17 to 20 million tons of kraft lignin dissolved in black liquor is annually pro-
duced in Europe. Globally, the production of lignin by kraft pulp mills is 78 million 
tons, most of them burned for steam and energy in the recovery process at pulp mill 
sites (Sect. 1.2). The current capacity for kraft lignin recovery is about 160,000 tons; 
however, in 2016, the effective lignin isolation was limited to 75,000 tons (Miller 
et al. 2016). The current trade-off between burning the black liquor (and lignin dis-
solved on it) and the recovery of some of the produced lignin is dictated by market 
prices and decisions on new investments. Pulp mills have been expanding their 
capacity by overcoming limitations, reaching to the last one requiring the highest 
investment, the recovery boiler. This is the so-called bottleneck of pulp mill increase 
capacity. In some cases, removing lignin from the recovery boiler load justifies lig-
nin isolation and recovery, as far as the lignin product has an added value or, at least, 
the energy equivalent. The energy load is therefore removed, and isolated lignin can 
be stored and transferred for burning in another unit in the mill or sold for this pur-
pose. On the other side, some companies have made investments in turbo generators 
to produce electricity, with eventual “overpower” being sold to the local grid. In 
fact, several pulp mills (in particular those that are not integrated with paper mill, 
which consume stream and energy) are self-sufficient and are producers of green 
power. These companies face the decision between selling lignin and selling elec-
tricity. The decision on new investment will be based on these three factors: (1) 
recovery boiler capacity and investment required to increase pulp production capac-
ity, (2) current existence of turbo generator, and (3) investment required for lignin 
recovery unit, which in turn, will be dictated by energy price, new applications, and 
market for lignin products besides burning it to power production.

The production of lignosulfonates was, in 2015, about 1.1  M tons (potential 
available 3 M tons), and kraft lignin was 75,000 tons (potential 78 M tons), while 
soda lignin and biorefinery lignin account together for less than 10,000 tons, 
although a huge potential already exists, in particular for cellulosic sugars and etha-
nol biorefineries which are operating below capacity (Miller et al. 2016).

In 2014, Borregaard LignoTech (Europe), Tembec (Canada), and Aditya Birla 
Group (Asia, acquired the Swedish company Domsjö in 2011) dominated the global 
lignin market share, mainly attributed to lignosulfonates (sulfite process). In fact, 
only 2% of total lignin produced is commercialized. Lignosulfonate is still the main 
product, accounting for over 85% of global lignin market (1 M ton/year), but is 
rather targeted to specific market segment: the large markets are animal feed bind-
ers, additive for concrete admixtures, as well as dust controllers, while the medium 
and small markets are dyestuff and gypsum wallboard dispersants, resins, binders, 
and vanillin. For many decades MeadWestVaco, now Ingenity (WestRock Co.’s 
MWV Specialty Chemicals division), was the exclusive producer of kraft lignin and 
some derivatives such as sulfonated and aminated lignin for dispersants with appli-
cation in textile dyes, agricultural chemicals, and asphalt emulsification. In the 
recent years, the capacity and production of kraft lignin have been increasing, reach-
ing now to about 160,000 ton/year (Miller et al. 2016) – Table 1.1. Some companies 
produce sulfonated kraft lignin to increase water solubility and other properties for 

1  Chemical Pulp Mills as Biorefineries



11

some markets. Lignosulfonate from sulfite pulp mills is highly sulfonated being 
suitable for concrete admixtures, while sulfonated kraft lignin can be produced with 
a controlled level of sulfonation, and usually higher purity can be achieved (Miller 
et al. 2016).

As more kraft pulp and paper industries are investing in new processes for lignin 
separation from black liquor, the challenge is to develop the lignin end use markets, 
being aware on new opportunities and investing in R&D on lignin products and in 
optimizing lignin properties for specific end uses. The forecast for the next years is 
that the global lignin market will reach to USD 913 million (2025) (Smolarski 
2012). This would be possible by the integration of isolation technologies in pulp 
mills and the forthcoming of new lignin grades from biorefining activity. Nowadays, 
high-grade kraft lignin market has been limited by production capacity which, in 
turn, is limited by the market.

1.4.2  �Lignins from New Incoming Delignification Processes

Chemical pulp mills operated as bio-based industries producing cellulosic fibers, 
recovering energy and chemicals, and some of them selling energy and even by-
products to be integrated in other industries as raw materials. These industries use 
delignification processes adjusted to the final product pulp. However, in a broader 

Table 1.1  Lignosulfonate and kraft lignin capacity and market share reported for 2015 (Miller 
et al. 2016)

Company Country Capacity, thousand ton

Lignosulfonates

Borregaard LignoTech Norway 600
Domsjö Fabriker Sweden 120
Nippon paper Japan 100
Weili group China 90
Wuhan East China chemical China 80
Tembec Canada 60
Shenyang Xingzhenghe chemical China 50
Kondopoga, Vyborgskaya,
Others

Russia 160

Kraft lignin

Stora Enso Sunila Finland 50
Ingevity USA 50
Domtar USA 25
Suzano Brazil 20
West Fraser Canada 10
Rise-bioeconomy Sweden Demo
Resolute Canada Demo
Liquid lignin USA Pilot

1.4  Lignin: The Main Side Stream from Delignification Process
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sense, biorefineries are a facility arising since the 1990s which are focused on chem-
icals and fuels from renewable resources; these facilities use deconstruction and 
multistep processes to get bio-based products to replace the current ones produced 
from oil: the scope ranges from platform chemicals (p.ex. sugars) to high value-
added chemicals. As described in Sect. 1.3, some pulp mills are nowadays dedicated 
to bio-based products other than pulp and energy. However, dedicated plants pro-
ducing cellulosic ethanol from lignocellulosic materials, particularly non-wood 
materials, have been the most visible ones, and the estimated potential for lignin 
production from these second-generation cellulosic ethanol plants is about 250,000 
tons (Miller et al. 2016). The first step in the process flow for sugar platform (pre-
cursor for ethanol) is based on organosolv and related processes or temperature and 
pressure action (steam explosion and autohydrolysis): these are the deconstruction 
or pretreatment processes. The next step is enzymatic or acid hydrolysis to get poly-
saccharide conversion to simple sugars. In general, deconstruction processes or a 
process to open the lignocellulosic matrix before hydrolysis (pretreatment) is 
required in order to increase the enzymatic digestibility. For all of these cases, a side 
stream of lignin is produced (Fig. 1.4).

If the pretreatment involves a delignification process (p.ex. organosolv), the lig-
nin is produced at an early stage. If the pretreatment is a process to open the matrix 
and therefore the delignification is low at this first stage (p.ex. autohydrolysis and 
steam explosion), the lignin is recovered at the end of the process, after the hydro-
lysis. A third situation is possible, as the technologies already exist, as, for example, 
the CASE™ process, based on total hydrolysis of lignocellulosic material devel-
oped by Virdia (the former HCL CleanTech). After a pretreatment aiming to remove 
extractives and ashes, the complete wood hydrolysis is performed with concentrated 
hydrochloric acid (HCl). In 2014, Virdia was acquired by Stora Enso (Biofuels 
Digest 2014).

Another example is the Plantrose® process, a technology developed by Renmatix 
for cellulosic sugar production. The first step is called “hemihydrolysis”; it com-
prises a pretreatment based on autohydrolysis to solubilize and separate hemicellulose 

Fig. 1.4  Process flow approaches to produce sugars and ethanol produced based on enzymatic or 
chemical hydrolysis to convert biomass into sugars
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and getting the resulting monomer (xylose in the case of hardwoods). Then the solid 
stream (containing cellulose and lignin) is submitted to supercritical hydrolysis 
using supercritical water acting as both a solvent and a catalyst, achieving cellulose 
hydrolysis into simple sugars. The remaining solids are composed of lignin that can 
be used for thermal value or for production of chemicals (Harlow 2016).

Delignification of wood and other lignocellulosic materials using organic sol-
vents at high temperature has been extensively studied since the 1970s. Recently, 
new technological developments and the possibility of using this process as a pre-
treatment approach for biomass in biorefineries, operating at conditions to produce 
minimum lignin structure modification, brought new emphasis to organosolv pro-
cess (Tao et al. 2016). The success of organosolv would be determined by the qual-
ity and quantity of products, by their application, and also by the recovery system 
for organic solvents.

One of the key advantages of organosolv pulping is the ability to produce organo-
solv lignin, a clean (low contaminant content) and less transformed lignin as com-
pared with kraft and sulfite lignin. There are several organosolv pulping processes, 
using different solvents or mixtures and catalysts. The Alcell process™, based on 
mixture of ethanol/water by autohydrolysis, was the first one to operate in a demon-
stration plant. In this process, between 130 and 200 kg per ton of high purity lignin 
(0.5% sugar, less than 0.1% ash) is produced (Miller et al. 2016). The purity and some 
of the most important lignin properties and structural features have been published 
elsewhere (Costa et al. 2014). The Canadian company Lignol Innovation Corporation 
acquired the technology, and, more recently, in 2015, Lignol facilities and technology 
was integrated in Fibria Innovations, a subsidiary of Fibria Celulose SA in Brazil.

AVAPCO, an American process company, is also developing ethanol-based bio-
refinery technology (AVAP, American Value Added Pulping®) using ethanol and 
sulfur dioxide as pulping agents (AVAPCO 2011). At Thomaston Biorefinery, the 
company has a demonstration plant for AVAP technology and BioPlus® nanocel-
lulose production, announcing recently new investments and partnerships (American 
Process Inc. 2015). In Europe, Chemopolis (Finland) (Chempolis 2017) provides 
technology based on organosolv process formico®, and CIMV (France) operates a 
plant in France and uses acetic acid/formic acid process, including a process to fur-
ther delignify and produce cellulose (Snelders et al. 2014) (Fig. 1.5). The American 
Science and Technology (AST) claims that its proprietary organosolv process pro-
duces high-quality pulp, lignin, and also fermentable sugars (American Science and 
Technology 2017).

In addition to processes based on acetic and formic acid for organosolv fraction-
ation, there are other variants, such as organosolv in alkaline medium (organocell, 
ethanol-alkali) or even oxidative (Milox, using peroxyformic acid) (Popa 2013), 
and an alkaline sulfite anthraquinone methanol pulping (ASAM process). A recent 
review about this subject was published elsewhere (Kumar and Sharma 2017).

Several publications have been reporting organosolv for annual plants or 
agricultural-derived biomass, such as wheat straw (Fig. 1.5), including recently new 
perspectives for lignin (Lange et al. 2016) and for pulp (Barbash et al. 2017).
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However, organosolv process has still been investigated concerning solvent 
recovery (Silva et  al. 2017), and the publications have demonstrated some pro-
gresses on conditions to bring together polysaccharide fraction recovery and end 
use and lignin quality (Panagiotopoulos et al. 2012). Figure 1.6 shows a flow dia-
gram for a typical organosolv process, in this case, using ultrafiltration as down-
stream process for lignin aiming its fractionation (Alriols et  al. 2010). A recent 
study about organosolv pulping as pretreatment process for producing ethanol and 
lignin from hardwood chips (Kautto 2017; Kautto et al. 2013) has reported higher 
energy demand due to the solvent recovery, as well as higher investment cost than 
the reference dilute acid process. The main conclusion of the economic assessment 
was that the lignin is the key factor to make the organosolv cost-competitive for this 
case. The final lignin applications will determine the price and, consequently, the 
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process viability when considering producing ethanol from polysaccharide fraction. 
However, the case can also be analyzed on the perspective of the polysaccharides, 
taking higher market value products than ethanol considering that the raw material 
is wood.

Biorefineries have been looking for new applications for lignin, since it repre-
sents 25–30% of the raw material left after conversion and could be an asset for the 
sustainability of these facilities. Biorefineries producing cellulosic ethanol have 
been facing some difficulties (Dale 2018). DowDuPont (USA) has recently 
announced its intention to sell the cellulosic biofuel business. The largest facility in 
the world to produce cellulosic ethanol opened in 2015, and the technology is based 
on hydrolysis based on diluted ammonia. However, other companies have been 
strengthening their activity. Examples are the POET-DSM Advanced Biofuels, LLC 
(USA), using a two-stage diluted acid hydrolysis (POET-DSM Advanced Biofuels 
2014) and the Raízen Energia Participacões S/A (Brazil) operating a commercial 
biomass-to-ethanol facility using Iogen-modified acid-catalyzed steam explosion 
technology, close to the sugarcane mill (Iogen Corporation 2015). In Europe, 
Clariant owner of Sunliquid® technology is investing in a new full-scale commer-
cial plant for the production of cellulosic ethanol from agricultural residues in 
Romania and setting up the Business Line Biofuels and Derivatives (Clariant 2018).

In spite of the great potential for lignin recovery as a valuable product, at present, 
most of the lignin generated in biomass biorefining processes is burned as fuel 
(Valdivia et al. 2016).
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1.4.3  �The Cost and the Revenues of Lignin Separation 
from Liquid Side Streams in a Pulp Mill

In a kraft pulp mill, the processes are highly integrated and dependent of black 
liquor (containing about 150 g/L of dry solids), which has a higher heating value 
(HHV) of 26 MJ/kg (dry solids). Black liquor is evaporated and burned to recover 
inorganic pulping chemicals and to produce steam and power from the organic com-
ponents. In some cases, the recovery furnace is the bottleneck of the mill, limiting 
the pulp production. The solution could be an investment to upgrade the recovery 
furnace or, instead, divert black liquor or remove part of the dissolved lignin, reduc-
ing the thermal load. In this last perspective, some technologies for lignin isolation 
from kraft black liquor have been investigated and come on the market; simultane-
ously, recent developments in lignin-based products have been increasing industrial 
awareness on this polymer, and new perspectives have been created.

In the last decade, different research lines for lignin isolation from kraft liquor 
have given rise to two commercial processes: LignoBoost™ (Fig.  1.7) and 
LignoForce™ (Fig. 1.8). In the LignoBoost™ process (Axegård 2016), the lignin is 
precipitated by acidification with carbon dioxide and filtered through a filter press. 
The resulting cake is resuspended and acidified and filtered again and washed by 
displacement. Valmet has acquired this technology for development and commer-
cialization. The first unit was installed at Domtar (Plymouth, North Carolina) in 
2013 for a capacity of 25,000 tons of dry lignin (65% fry solids)/year. In an early 
stage, most of the lignin was used as fuel for energy, but now as much as 50% of its 
lignin production is for added-value applications (Miller et  al. 2016) with UPM 

Fig. 1.7  Diagram of LignoBoost™ process owned by Valmet. (Reprinted from Axegård (2016), 
Copyright (2016))
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being the exclusive distributor of the commercial product, BioChoice™ in Europe 
(Domtar 2013).

In 2015, Stora Enso Sunila plant also installed LignoBoost™ technology with a 
production capacity of 50,000 tons/year of fir and pine lignin and lignin dust burners 
in the lime kilns; currently lignin is being marketed for phenolic resins (Stora Enso 
2018), although other applications are now under evaluation (Stora Enso 2015). 
Valmet in collaboration with RISE Bioeconomy has developed a process for the 
reduction/elimination of lignin odors, making it suitable for other applications such 
as composites and bioplastics (Wallmo 2017).

The LignoForce System™ was developed by FPInnovations and Noram 
Engineering and Constructors Ltd.  (Fig. 1.8) (Kouisni et  al. 2016; Kouisni et  al. 
2012). This process is based on the acidification of black liquor, but there is a previ-
ous stage of oxidation with molecular oxygen under controlled conditions, and the 
second phase of acidification is performed in situ directly through the filter cake. 
The claimed advantages are (i) improvement of filterability of the acid-precipitated 
lignin; (ii) minimization of total reduced sulfur compounds, thereby leading to 
lower emissions of malodorous compounds; and (iii) the carbon dioxide and sulfu-
ric acid requirements are significantly reduced because the oxidation of compounds 
and sugars consumes residual effective alkali (sodium hydroxide). There is a dem-
onstration unit at Resolute Forest Products (Canada) for the development of pro-
cesses with a production of 12.5 kg/h. The first commercial unit started operating in 
2016 in West Fraser (Alberta, Canada) with a production capacity of 10,000 tons/
year (Fraser 2018; PLANT 2016). Lignin Enterprises LLC (also known as Liquid 
Lignin) is an exclusive sales and marketing agent in the United States (Miller et al. 
2016).

Fig. 1.8  Diagram of LignoForce System™ developed by FPInnovations and NORAM. (Reprinted 
with permission from Kouisni et al. (2016). Copyright (2016) American Chemical Society)
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The Liquid Lignin Company (USA) presents another process for lignin isolation, 
the Sequential Liquid-Lignin Recovery and Purification, SLRP™ process (Fig. 1.9), 
patented in 2011 (Lake and Blackburn 2011; Lake and Blackburn 2014). The prin-
ciple of this technology is to acidify with CO2 at high temperature and pressure 
recovering a dense-phase “liquid lignin” from a black liquor stream. The washed-
out black liquor stream returns to the evaporator system at a higher temperature than 
the black liquor taken to SLRP. The bulk liquid-lignin phase is then separated by 
gravity and acidified to pH 2–3 with H2SO4. The inventors claim energy saving as 
compared to other processes requiring dropping the black liquor temperature to 
precipitate filterable lignin and lower capital investment and operating cost (Gooding 
2012; Lake and Blackburn 2014).

It is important to note that there have been some developments to associate con-
dition adjustments in the isolation processes to meet technical requirements accord-
ing to lignin applications. This is an ongoing research field for recognition of these 
technical requirements, which is the real challenge, considering the complex nature 
of lignin. In this sense, downstream research and development programs have been 
established for the commercial success of new lignin grades coming out, involving 
end users, producers, and research institutions with recognized expertise. This sub-
ject will be returned later in this subsection.

Kraft lignin can be modified for specific applications. The most common trans-
formation is sulfonation or carboxylation for use as a dispersant. Other transforma-
tions are the partial removal of methoxyl groups or increasing the hydroxyl phenol 

Fig. 1.9  Diagram of SLRP™ process (Sequential Liquid-Lignin Recovery and Purification) 
developed by Liquid Lignin Company. (Reprinted from Lake (2014), Copyright (2014), with per-
mission from Romanian Academy Publishing House, the owner of the publishing rights)
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content to improve its suitability for use in phenol formaldehyde (PF) resins, 
esterification for use in thermoplastics or coating applications, oxypropylation to 
use as bio-based polyol in polyurethane (PU) foams for insulation purposes, and 
partial depolymerization for performance improvement, for example, in PF resins 
and in PU foams.

Lignin price in the market depends on the lignin source, isolation process, and 
post-isolation treatment, as well as the final end use. Figure 1.10 shows the esti-
mated lignin value and the respective potential product market value, differentiating 
between low purity, high purity, and specialty segment for lignin (according to the 
investment in purification/fractionation and lignin modification). Lignosulfonates 
and kraft lignin can be produced at different levels of purity and fractions, depend-
ing on the final end use. However, the efforts to produce high-grade lignin from a 
complex mixture are restricted by the end use, due to the associated high cost 
(CAPEX and OPEX). This is the reason for lignosulfonates and kraft lignin being at 
the lower level of lignin value, but there is some potential for upgrading and moving 
up higher segments (Fig. 1.10).

For conventional pulp mills that have been looking forward to increase the prod-
uct portfolio and new biorefineries, the decision on investments for lignin isolation 
is driven by the lignin value and market forecast. Oil price is the most important 
driving force for the future success of lignin for both producers and end users:

	1.	 Phenol-derived chemicals like polyols, resins, or even vanillin or derivatives 
ranging from medium to high price can be produced from oil or from lignin; as 

Fig. 1.10  Lignin value and corresponding lignin-based product, by lignin type and grade
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the oil price rises, lignin becomes more attractive depending on the progresses 
on R&D and successful demo cases until this take place.

	2.	 Pulp mill and biorefinery decisions between burning lignin for fuel (isolated or 
in black liquor), producing energy for internal use and for sale, or producing 
lignin for value-added application and purchasing fossil fuels, are mainly driven 
by oil price.

In all these cases, solutions and engineering studies for lignin conversion and 
demo cases should be a continuous process supported by government funds and 
some industrial clusters, particularly those that are looking for the short-term phase 
with low risk in biorefinery implementation (see Sect. 1.3). This has been the cur-
rent practice, with increasing the number of demonstration projects and pilots 
around the world. Moreover, oil prices and environmental issues are concerns for 
biorefineries to operate to produce sugars, ethanol, and other commodities, being 
lignin a by-product whatever the final end use. However, industrials and researchers 
must be aware of lignin complexity and variety: kraft lignin derived from a certain 
wood species, isolated by a process in a pre-defined condition, could be suitable for 
an application, while a lignin coming from an alternative deconstruction process, 
resulting as a by-product after enzymatic hydrolysis, is different and not suitable to 
the same application. Even from the same source, the isolation conditions impart 
different properties to the final product (Costa et al. 2015).

In the last decade, there have been numerous studies of new applications for kraft 
lignin, recognizing the importance of the isolation process in the application. The 
isolation steps determine the contaminant content (components of the liquor that are 
coprecipitated with lignin), and also the lignin structure, which affects the reagent/
aptitude, required to develop a product. It has thus been emphasized the importance 
of aligning the purity/characteristics of lignin with the requirements for each appli-
cation (Ahvazi et al. 2016; Costa et al. 2015) (Fig. 1.11). Some studies go further 
and also consider the fractionation of lignin in the sense of reducing the heterogene-
ity (Huang et al. 2017) or favoring a certain property, for example, hydroxyl group 
content or molecular weight distribution.

It is important to note that the isolation processes, with a fine tune of pH and 
other process parameters, could allow the lignin fractionation according to their 
properties due to their different phase partitioning behavior (Stoklosa et al. 2013). 

Fig. 1.11  Design of lignin value chain: black liquor, separation, characterization, and evaluation 
according to the product development specifications and improvement of separation process
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By producing lignin fractions with different characteristics, the processes can be 
used to tailor the properties for different applications (Gosselink 2011). Moreover, 
it could also contribute to narrow the variability range of each fraction.

Recently other approaches for isolation or fractionation have emerged from sci-
entific community. Some of the cases are revisiting processes already evaluated, 
such as the process of black liquor electrolysis (Oliveira et al. 2016) and membrane 
technologies (Costa et al. 2018; Humpert et al. 2016), now based on new knowledge 
and technological advances. Others are new and based on less conventional 
approaches, such as the case of direct extraction of black liquor with deep eutectic 
solvents, reporting good recovery rates under moderate conditions (Bagh et  al. 
2017). Other studies have been reporting the suitability of lignin for some applica-
tions according to their characteristics (Ahvazi et  al. 2016; Kun and Pukánszky 
2017). These few examples on progresses show that the scientific community is 
alert to new opportunities in this field.

1.5  �Lignin Characterization and Classification

Lignin occurs widely in the middle lamellae and secondary cell walls of higher 
plants and plays a key role in constructive tissues as a building material, giving it its 
strength and rigidity and resistance to environmental stresses (Behling et al. 2016). 
This three-dimensional phenolic macromolecule is one of the principal components 
of the lignocellulosic materials (Fig. 1.12), together with cellulose and hemicellu-
lose, and contributes as much as 30% of the weight and 40% of the energy content 
of lignocellulosic biomass (Azadi et al. 2013). The lignin content may vary in soft-
woods from 18% to 33% and in hardwoods from 15% to 35% (Azadi et al. 2013; 
Lin and Dence 1992; Ragauskas et al. 2014). In non-wood crops, such as cotton, 
cereal straws, flax, jute, bamboo, or bagasse, lignin content is generally lower and 
ranges from 5% to 30% (Buranov and Mazza 2008; Gellerstedt and Henriksson 
2008; Monteil-Rivera et al. 2013).

Softwood Hardwood Non-wood cops

Lignin content 18 – 33% 15 – 35% 5 – 30%

Fig. 1.12  Lignin content in the major groups of lignocellulosic materials
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In addition to the content also, the composition and structure (linkages and func-
tional groups) of lignin may vary depending on the major groups of higher plants 
and also between species and even morphological parts of the same plant (Costa 
et al. 2016; Sevastyanova et al. 2014). Consequently, a full valorization and conver-
sion of lignin into valuable products require a complete study about their character-
istics and structure since the different kinds of linkages in this complex 
macromolecule and the diversity of their functional groups, such as methoxyl, phe-
nolic, and aliphatic hydroxyl groups, have a great impact on its reactivity toward a 
further chemical process (Constant et al. 2016; Costa et al. 2014).

Lignin structure has been studied intensively for many years, although it is not 
yet fully understood. Besides all the existing information about its structure, lignin 
cannot be described through a simple structural characterization due to its high 
complexity. Lignin exhibits a complex three-dimensional amorphous structure, aris-
ing from the polymerization of its general structural subunit, the phenylpropane unit 
(ppu). The ppu can comprise several functional groups, being the most frequent 
ones aromatic methoxyl and phenolic hydroxyl, primary and secondary aliphatic 
hydroxyl, minor amounts of carbonyl groups (of aldehydes and ketones), and car-
boxyl groups (Calvo-Flores and Dobado 2010; Pinto et al. 2012). Coniferyl, sina-
pyl, and p-coumaryl alcohols are the precursors of the main moieties of lignin 
structure, guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H), respectively, and 
differ between them in the methoxylation of the aromatic nuclei (Fig. 1.13).

The structural specifications of lignin have different implications on its reactiv-
ity, and for this reason, it is essential that for lignin characterization, several comple-
mentary methods have to be applied in order to determine their major structural 
features (Costa et al. 2015). Over the last decades, both destructive and nondestruc-
tive methods have been developed and applied for lignin characterization (Lin and 
Dence 1992). The chemical degradation methods include hydrogenolysis, nitroben-
zene oxidation, cupric (II) oxidation, permanganate oxidation, ozonation, thioac-
idolysis, and also derivatization followed by reductive cleavage (Lu and Ralph 
1997; Pepper et al. 1967; Quesada et al. 1999). These methods could provide infor-
mation regarding the structure of lignin through the generation of low molecular 
weight compounds. However, all of them only comprise the selective cleavage of a 
specific fraction of lignin, hindering the study of the whole lignin structure. To over-
come this challenge, various nondestructive methods are available and enable the 
identification and quantification of the main structural features of lignin (Lin and 
Dence 1992; Mansouri and Salvadó 2007). The advantage of nondestructive meth-
ods over degradation techniques is their ability to analyze the whole lignin structure 
and directly detect lignin moieties and/or functional groups. The nondestructive 
methods include different spectroscopic techniques such as Fourier transform infra-
red spectroscopy (FTIR), Raman spectroscopy, and nuclear magnetic resonance 
(NMR) (Barsberg et al. 2005; Capanema et al. 2004; Faix et al. 1994; Fernández-
Costas et al. 2014; Froass et al. 1998). Among all, NMR spectroscopy is the most 
widely used method and provides detailed information about lignin molecular 
structure, both in terms of inter-unit linkages and functional groups. NMR tech-
niques frequently applied comprise advanced one (13C, 31P and 1H NMR)- and 
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two-dimensional (2D) heteronuclear single quantum coherence (HSQC) (Capanema 
et al. 2004; Fernández-Costas et al. 2014; Wen et al. 2012). Quantitative 13C NMR 
is frequently applied for the evaluation of the main structural features of lignins 
from hardwoods (Evtuguin et al. 2001; Fernández-Costas et al. 2014; Pinto et al. 
2002b), softwoods (Capanema et  al. 2004; Nimz et  al. 1981), and annual plants 
(Costa et al. 2016; Sun et al. 2011; Xiao et al. 2001). This technique provides impor-
tant information about carbons in different structural and chemical environments in 
lignin structure. 31P NMR is also employed for functional group determination, 
since it allows to identify and quantify each type of hydroxyl groups in lignin struc-
ture (Argyropoulos et  al. 2009; Costa et  al. 2014; Heitner et  al. 2010). All the 
referred techniques and methods generate extensive data about lignin structure: 
number of H, G, and S units, distribution of inter-unit linkages and functional 
groups, as well as the degree of condensation (DC) of this polymer. The DC is an 
important lignin characteristic often correlated (negatively) with lignin reactivity. 
Most commonly, the DC is related with the lignin moieties linked with C-C linkages 
with other lignin units via C2 or C6 positions in the aromatic ring of S units, C2, C5, 
or C6 positions of the aromatic ring of G units, and in the case of H units, also C3 
position is available (Berlin and Balakshin 2014). Despite the several analytical 
techniques available, the aromatic composition and inter-unit linkages in different 
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lignins are still not unequivocally established, and the assessment and correlation 
between the lignin structural features are essential for the evaluation of its potential 
as source of value-added compounds (Constant et al. 2016). Consequently, a multi-
technique approach is required to obtain essential knowledge on the lignin structure, 
composition (acid soluble and insoluble lignin, residual carbohydrates, and inor-
ganic fraction), molar mass distribution, and thermal behavior.

1.5.1  �Impact of Delignification Process on the Structure 
of the Lignin

In addition to the source of lignocellulosic biomass, also the delignification process 
has considerable influence on lignin structure (distribution of linkages, structures, 
and/or functional groups) and consequently on its reactivity (Pinto et  al. 2011). 
Technical lignins, obtained as a result of lignocellulosic biomass processing, differ 
dramatically from the corresponding native ones as a result of a combination of 
multiple reactions that promote significant physical and chemical modifications 
even within the same species. Consequently, a detailed understanding of technical 
lignin composition and structural features is particularly important in order to direct 
the efforts toward their valorization.

Technical lignins can be classified from different points of view; the presence or 
absence of sulfur in lignins is one structural characteristic that can distinguish them. 
The main sulfur-containing lignins comprise lignosulfonates and kraft lignins, while 
sulfur-free lignins include soda, organosolv, and steam explosion ones. Sulfur-free 
lignins can be divided into two categories, lignins from solvent pulping (organosolv 
lignins) and from alkaline pulping (soda lignins), and all of them show valuable 
properties that make these lignins an attractive source of low-molar mass phenol or 
aromatic compounds (Laurichesse and Avérous 2014). Among various delignifica-
tion processes, there are four dominant chemical pulping processes, namely, kraft, 
sulfite, soda, and organosolv (Table 1.2). Kraft and sulfite pulping process accounts 
for more than 90% of the chemical pulp production (Ahvazi et al. 2016).

The main reactions comprised in structural modification of technical lignins 
comparatively to native ones involve predominantly degradation and condensation 
reactions. Lignin degradation occurs predominantly via α-aryl ether and β-aryl ether 
linkage cleavage. These types of linkages are the most easily cleaved and lead to an 
increase of phenolic hydroxyl content, although the cleavage mechanisms are dif-
ferent for the different delignification processes. Moreover, lignin degradation also 
could lead to a decrease in aliphatic hydroxyls, oxygenated aliphatic moieties, and 
the formation of carboxyl groups and saturated aliphatic structures (Berlin and 
Balakshin 2014). In opposition to lignin degradation, some repolymerization and/or 
condensation reactions could also occur and modify lignin chemical structure, lead-
ing to an increase of lignin molecular mass and content of condensed structures and 
decrease of its reactivity (Berlin and Balakshin 2014; Pinto et al. 2012). In literature 
it is possible to find several studies about structural characteristics of lignins 
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obtained from the main delignification processes, either from softwoods (Froass 
et al. 1998; Pan et al. 2005; Saito et al. 2014; Sannigrahi et al. 2009), hardwoods 
(Ibarra et al. 2007; Pan et al. 2006; Pinto et al. 2005a; Pinto et al. 2002a; Wen et al. 
2013b), or both (Capanema et al. 2001), and also herbaceous plants (Alriols et al. 
2010; El Hage et al. 2010). In general, the authors had find that lignins obtained 
from delignification processes also show higher contents of phenolic hydroxyl 
groups, carboxylic acid groups, and condensed structures and lower contents of 
aliphatic hydroxyl groups and β-aryl ether linkages than the respective native lig-
nins (Fernández-Costas et al. 2014; Ibarra et al. 2007; Lourenço et al. 2012).

However, it is important to note that the type and extension of the discussed 
structural alterations are strongly dependent on the process conditions (temperature, 
solvents, time, pH, and others) and the feedstock origin of lignin (Berlin and 
Balakshin 2014). Thus, the whole knowledge about the lignin structural changes 
imparted by delignification process is essential for the improvement of lignin valo-
rization as raw material for the production of value-added compounds.

Kraft Lignin
As already stated in Sect. 1.1, nowadays kraft pulping accounts for 90% of the 
world’s chemical pulp production, and 50–55 million metric tons of lignin are pro-
duced annually in the form of black liquor (Mahmood et al. 2016).

Kraft lignins have characteristic structural features that distinguish them from 
native lignin and also from other types of technical lignins. The extension of lignin 
structural modifications and also composition depends fundamentally on kraft pulp-
ing conditions applied and biomass species studied. Several authors study the lignin 
depolymerization mechanisms that prevail during kraft pulping and have shown that 
ether bonds, such as α- and β-aryl, are primarily and extensively cleaved (Chakar 
and Ragauskas 2004; Costa et al. 2014). Consequently, the cleavage of these inter-
unit linkages and also some biphenyl units leads to a larger amount of phenolic 
hydroxyl groups in this type of lignins (Costa et al. 2014; Sevastyanova et al. 2014). 
The cleavage of some lignin structures that occur during kraft delignification leads 
to lignins with lower molecular weight than native lignins; moreover, softwood 
kraft lignins’ molecular weight is, in general, higher than hardwood kraft lignins 

Table 1.2  Classification and some characteristics and properties of technical lignins. (Berlin and 
Balakshin 2014; Laurichesse and Avérous 2014; Pinto et al. 2012)

Kraft Lignosulfonate Organosolv Soda

Raw materials Hardwood and 
softwood

Hardwood and 
softwood

Hardwood, 
softwood, and 
non-wood crops

Non-wood crops, 
hardwood, and 
softwood

Scale of 
production

Industrial Industrial Pilot/demo Industrial

Sulphur content Moderate High Free Free
Solubility Alkali Water Organic solvents Alkali
Purity Moderate Low High Moderate-low
Pretreatment 
chemistry

Alkaline Acid Acid Alkaline
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(Pinto et al. 2012). Other structural characteristic of kraft lignins is the accumula-
tion of carbon-carbon-resistant linkages (highly condensed G units and some link-
ages related to condensed structures like β-5, 5–5′, 4-O-5) as result of the severe 
cooking conditions applied comparatively to the respective native ones (Costa et al. 
2014; Gordobil et al. 2016; Pinto et al. 2012). Kraft lignins usually contain 1–2% of 
sulfur by weight as aliphatic thiol groups (Ahvazi et al. 2016).

In literature, some works studied the structural characterization of several techni-
cal lignins and found that kraft lignin appears to be the best of all the studied raw 
materials for the production of wood adhesives due to the highest content of pheno-
lic and aliphatic hydroxyl (Lora 2008; Mansouri and Salvadó 2006). Moreover, the 
authors also found that kraft lignin is the most reactive material toward modifica-
tion, and consequently this lignin could be a good raw material for lignin derivatives 
such as chelating resin adhesives and especially phenol-formaldehyde resins (Lora 
2008; Mansouri and Salvadó 2006). The main limitation for the use of kraft lignin 
in value-added applications is its poor quality with respect to its nonhomogeneous 
molecular weight distribution, the impurities originating from both the wood itself 
and process elements, and the varying amount of functional groups, resulting in 
reactivity differences.

Lignosulfonates
As already referred, kraft process has become the dominant pulping process in the 
world, and consequently the importance of sulfite pulping has drastically decreased 
(Azadi et al. 2013).

Sulfite pulping is based on the use of aqueous sulfur dioxide as well as calcium, 
magnesium, or sodium as the counterion. This process operates at low values of pH, 
and the resulting lignin (lignin sulfonate or lignosulfonate) has about 5% of sulfur 
as sulfonate groups (Ahvazi et al. 2016). The predominant reaction in sulfite pulp-
ing is sulfonation of lignin side chain, predominantly through the introduction of 
sulfonate groups in the Cα-positions via the intermediate formation of carbocations 
which leads to lignin hydrolysis (Azadi et  al. 2013; Gellerstedt and Henriksson 
2008). The degree of degradation, the molecular weight, and the number of phenolic 
hydroxyl groups that can be observed in lignosulfonates are strongly dependent on 
the reaction conditions applied during the sulfite process. However, lignosulfonates 
are typically highly cross-linked lignins; consequently their weight-average molec-
ular weight is higher than kraft lignins, and values in the range 10–60 kDa have 
been reported in literature, with a corresponding broad polydispersity (Azadi et al. 
2013; Berlin and Balakshin 2014; Laurichesse and Avérous 2014).

Considering lignosulfonate properties and structural characteristics, these lig-
nins represent valuable raw material for application in several industrial applica-
tions such as binders, dispersing gent, surfactant, adhesives, and cement additives 
(Berlin and Balakshin 2014; Laurichesse and Avérous 2014).

Organosolv Lignin
As an effective delignification technique, organosolv process has been successfully 
applied to different types of lignocellulosic biomass: hardwood, softwood, and non-
wood plants. In this process a mixture of organic solvents with water is used as 

1  Chemical Pulp Mills as Biorefineries



27

pulping media at relatively low pH and elevated temperature. The most commonly 
used solvents for organosolv delignification include alcohols such as methanol and 
ethanol, organic acids such as formic and acetic acid, and mixed organic solvent-
inorganic alkali chemicals (McDonough 1992). The most investigated organosolv 
process is the Alcell process deployed at industrial scale in Lignol (Eastern Canada) 
during the 1980s. This process can be carried out in aqueous ethanol liquor at mod-
erated acidity (Berlin and Balakshin 2014; Laurichesse and Avérous 2014). 
Organosolv process produces high-quality lignins of low molecular weight (Azadi 
et al. 2013). Some studies in literature demonstrate that this process degraded the 
lignin to a noticeable extent; however data from 13C NMR and FTIR spectra showed 
that the degradation reactions that occur during the process did not significantly 
change the core of the lignin structure, remaining considerably unaltered (El Hage 
et al. 2009; Mansouri and Salvadó 2006). Other studies about organosolv delignifi-
cation showed that the resulting lignins contain considerable amounts of phenolic 
and aliphatic hydroxyl groups as well as condensed units (Ahvazi et al. 2016; Costa 
et al. 2015). Moreover, all of them stated that the cleavage of β-O-4 linkages was the 
major mechanism of lignin breakdown (Fig. 1.14), since these structures are more 
susceptible to hydrolysis during organosolv treatment (El Hage et al. 2010; Hallac 
et al. 2010; McDonough 1992). Wen and co-workers found, by 13C NMR, that the 
content of S3,5 and G3,4 in etherified lignin decreases, while the amount of S3,5 and 
G3,4 in non-etherified lignin is increased after organosolv treatment, indicative of 
β-O-4 linkage cleavage (Wen et al. 2013a). In contrast, other inter-linkages, such as 
β-5 and β-β linkages, increase following the organosolv process, which indicates 
that some condensation reactions occur during this delignification process (Wen 
et al. 2013a). Organosolv lignins also are practically sulfur-free and relatively pure, 
with low amounts of inorganic contaminants, such as carbohydrates and ashes. The 
higher purity of the isolated lignins is a result of the conditions applied during 
organosolv process that cause an intensive hydrolysis of lignin-carbohydrate com-
plex (Wen et al. 2013a; Xu et al. 2006).

The structural modifications considering molecular weight, chemical structure, 
and functional group distribution of the generated lignin derivatives depend on the 
organosolv process conditions, and despite the resulted characteristics, this type of 
technical lignins is one of the most suitable for further conversion and valorization. 
However, in spite of the referred advantages, so far, none of the organosolv pulping 
technologies has been yet widely adopted in a production-scale mill.

Fig. 1.14  Cleavage mechanism of β-O-4 linkages during ethanol organosolv process. (Reprinted 
with permission from Hallac et al. (2010). Copyright (2010) American Chemical Society)
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Soda Lignins
Soda pulping process accounts for nearly 5% of the total pulp production; this pro-
cess is mainly applied to non-wood plants such as straw, bagasse, kenaf, hemp, and, 
to some extent, hardwoods (Azadi et al. 2013; Lora 2008). Due to the lower content 
of lignin in non-wood plants, this pulping process only requires 10–15% of NaOH 
based on the raw material for delignification. In soda pulping, lignin depolymeriza-
tion takes place mostly in non-phenolic β-aryl ether units (Fig. 1.15). The resulting 
lignin from soda process is often enriched with carboxylic acids and condensed 
structures. The former is due to the oxidation of aliphatic hydroxyl units, whereas 
the latter is caused by the absence of sulfide ions allowing the intermediate quinone 
methide structures to lose formaldehyde, causing the formation of undesirable alka-
line stable enol ethers (Lora 2008).

Due to the absence of sulfur in their structure, the molecular weight of C9 mono-
mers of soda lignin is typically lower than that of kraft and sulfite lignins (Mansouri 
and Salvadó 2006).

As in soda pulping process, lignin extraction is based on hydrolytic cleavage of the 
native lignin; it results in a relatively chemically unmodified lignin comparative to 
other technical lignins (Laurichesse and Avérous 2014). Soda lignins are low molecu-
lar weight lignins and insoluble in water and contain small amounts of carbohydrates 
and ash contaminants resulting in a low to moderate lignin purity (Lora 2008).

1.5.2  �Radar Tool for Lignin Classification on the Perspective 
of Its Valorization

One of the challenges associated with exploiting lignin structure and composition is 
the variability resulting from the type of plant and species, the delignification pro-
cess, and the subsequent processing (Costa et al. 2015). All of which modifies its 
structure, making a constant and uniform lignin difficult to obtain. As already stated, 
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Fig. 1.15  Main reactions leading to the formation of soda lignins. (Reprinted from Lora (2008), 
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lignin complexity makes that data obtained from its characterization could not be 
easy to understand, making it difficult to extract focused and “ready-to-use” infor-
mation. However, lignin structure and composition need to be comprehensively 
analyzed in order to provide a predictive tool of lignin’s chemical and physical 
properties (Ragauskas et al. 2014).

Radar plots (Fig. 1.16) could represent an effective classification technique for 
lignins and are one useful approach for assessing their characteristics with the aim 
of maximizing lignin valorization. This tool has an immediate interpretation of the 
results and is easy to build, being frequently used for graphical representation of 
multivariate data in health, environmental, and pharmaceutical research (Picardo 
et al. 2013; Ritchie et al. 2011; Teixeira et al. 2010). In the case of lignin, radar clas-
sification can be adapted to include different characteristics according to the appli-
cation required, being a useful predictive tool for product and process design in 
view of a particular valorization pathway. The selected lignin characteristics are the 
descriptors used to build the radar plot, and consequently, radar plot interpretation 
is strongly dependent on the selected descriptors and its displayed order. Moreover, 
it is assumed an equal contribution of each radar plot descriptor for the required 
objective.

Rodrigues and co-workers developed a line of investigation where radar plots 
were built to study vanillin and syringaldehyde production by oxidation of lignin in 
alkaline medium (Costa et al. 2015). Using selected descriptors identified as key 
characteristics, the authors evaluate the availability of different lignins for the pro-
duction of these value-added phenolics. In several publications of the group (Costa 
et al. 2016; Costa et al. 2015; Pinto et al. 2016), lignins obtained from stalks and 
roots of herbaceous plants (corn, cotton, sugarcane, and tobacco) and lignins from 
different hardwoods (Eucalyptus globulus, Acacia dealbata, and Salix spp.) and 
from different parts of the same species (bole, bark, and branches of E. globulus), 
produced by different delignification processes (kraft and organosolv), provide the 
information sources used to build the lignin radar plots. To build the radar plot for 
each lignin, the authors selected as key characteristics the content on β-O-4 struc-
tures, noncondensed structures, S and G units, and the yield of Sy and V obtained 
by nitrobenzene oxidation. The selected descriptors reduce the unavoidable com-
plexity of lignin structure to its key aspects while maintaining the scientific basis of 
the data sets with quantitative information (Costa et al. 2015). Moreover, the radar 
classification of lignins can be adapted to include different or additional descriptors 
being a useful predictive tool for product and process design.

In a recent work, the authors proceed to the experimental validation of the radar 
classification using two organosolv lignins from tobacco stalks: (1) butanol organo-
solv lignin and (2) ethanol organosolv lignin. The radar plots for tobacco lignin 
evaluation as source of phenolic compounds were built using the parameters β-O-4 
and noncondensed structures, S and G proportion (drawn from S/G/H as total), and 
nitrobenzene yield on V and Sy (as a measurement of the reactivity of noncon-
densed fractions of lignin); the selected descriptors allow the qualitative prediction 
of the yield expected by oxidative depolymerization under the same range of condi-
tions. Batch oxidation in alkaline medium with O2 of tobacco organosolv lignins 
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was performed and the products profile for each lignin, disclosing the maximum 
yields obtained for V and Sy (Costa et al. 2015).

Ethanol organosolv lignin produces 1.2% of V and 0.94% of Sy, while for buta-
nol organosolv lignin, lower maximum values were obtained (0.74% of V and 
0.34% of Sy), which is in accordance with the prediction provided by the radar clas-
sification using the selected descriptors (Fig. 1.17). Based on the radar classifica-
tion, the ascending order of lignins according to the prospective yield for V and Sy 
by oxidation with O2 in alkaline medium under the same conditions (pH, tempera-
ture, O2 partial pressure) was butanol organosolv lignin < ethanol organosolv lignin. 
Considering the results, it can be concluded that oxidation with O2 in alkaline 
medium of lignins from ethanol and butanol organosolv process under the same 
conditions has confirmed the qualitative differences of yields predicted by the radar 
classification (Costa et al. 2015).

The radar classification technique presented by the authors allows the screening 
of lignins resulting from industrial or preindustrial processes for their potential as 
source of phenolic compounds. Radar plots developed from key descriptors may 
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demystify the complexity of lignin and direct process variable selection to achieve 
maximum valorization of lignin. This is one aspect to which lignocellulosic proces-
sors must pay attention, today and in the future.

1.5.3  �Improving and Recognizing the Lignin Quality 
in Biorefineries

The second half of the twentieth century was dominated by the use of crude oil as 
raw material for energy, transportation, and chemicals. Technologies for processing 
crude oil have been developing since the 1860s, and refineries are highly integrated 
in industrial plants (Strassberger et  al. 2014). However, within the past decade, 
motivated by environmental concerns and high oil prices, there has been an increas-
ing interest in the concept of biorefineries focused in lignocellulosic biomass; con-
sequently much of the biomass that is currently considered waste will become a 
valuable feedstock (Miller et al. 2016). The European Environment Agency esti-
mates that Europe’s biomass production capacity could grow up to 300 Mtons by 
2030 (Strassberger et al. 2014). However, one of the biggest obstacles that holds 
back the development of biomass-based biorefineries is the efficient breakdown and 
conversion of lignocellulosic material to bio-based energy and high added-value 
chemicals (Laurichesse and Avérous 2014).

Lignin plays a significant role in the operational improvement of the emerging 
lignocellulosic-based biorefinery activity; it is available at large scale from the side 
streams of pulp and paper industries, representing a valuable renewable resource 
(Berlin and Balakshin 2014; Pinto et al. 2011; Strassberger et al. 2014). Annually, 
more than 75 Mtons of lignin are produced worldwide as by-product from wood 
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pulping (Miller et al. 2016); as already stated the most abundant industrial lignins 
are the result of kraft and sulfite pulping processes. However, nowadays, most of the 
produced lignin is used as fuel for heat generation in the recovery boilers in pulp 
and paper mills. Whether lignin is burned for steam and energy or recovered as a 
chemical, there is an environmental benefit. Moreover, its fuel value has been esti-
mated at $300/ton, while prices for kraft lignin have been estimated at $300–500/
ton and lignosulfonate at $250–400/ton (Miller et al. 2016). The value of lignin is 
also dependent on the application; higher value applications can potentially bring 
higher prices for lignin since the lignin has further quality. For some applications, 
such as carbon fiber or fine chemicals, purer forms of lignin or chemically modified 
lignins will need to be developed, and these will be even more expensive. 
Consequently, the development of lignin market implies that biorefineries begun to 
improve different applications (Miller et al. 2016). In literature, the data point out 
that even if only 25% of lignin will be isolated from 600 Mtons of biomass (only 
half of the US prediction by 2060), it would mean that 150 Mtons of isolated lignin 
would be available in the United States (Strassberger et  al. 2014). Without new 
product streams, the lignin introduced would far exceed the current world market 
for lignin used in speciality products.

1.6  �Bark: An Unrecognized Valuable Lignocellulosic 
Material

Presently, chemicals and fuels are mainly obtained from fossil fuel, which is a 
resource that is becoming scarce, with frequent price oscillations, and encompasses 
serious environmental problems such as greenhouse gas emissions.

Researchers and industries are joining efforts to develop sustainable and environ-
mentally friendly processes to overcome the strict demands for fuel, chemicals, and 
energy. This is in strong agreement with the emerging trend and concept of biorefin-
ery of providing a better exploitation of the available renewable resources allowing 
the companies to increase their portfolio of products, obtain more profits, and be 
more environmentally friendly.

In the particular case of bark, it is a resource plentifully available in nature and is 
a byproduct generated in large amounts by pulp and paper industries since its utili-
zation to produce pulp turns the pulping process economically unfeasible due to the 
low-quality pulps produced and high consumption of cooking chemicals (Miranda 
et al. 2012).

Currently, bark is burnt at the mill site to suppress power needs; however, in a 
perspective of integrated biorefinery applied in pulp and paper industries, several 
additional end uses to bark can be considered to increase the chain value of this 
industrial sector ranging from high-value low-volume products such as bioactive 
chemicals from low-value-high-volume products (a wide diversity of materials) 
(Feng et al. 2013).
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The market for bark is in increasing expansion, and, in this regard, research in the 
last years has been devoted in understanding the complexity of physical and chemi-
cal composition of E. globulus bark in order to take out the most of this valuable 
resource (Cadahía et al. 1997; Kim et al. 2001; Miranda et al. 2013; Mota et al. 
2013; Santos et al. 2012; Vázquez et al. 2009). Herein, the chemical composition of 
E. globulus bark will be detailed, and a brief discussion about possible valorization 
routes for bark is highlighted.

1.6.1  �Chemical Composition: The Particular Case 
of Eucalyptus globulus Bark

Bark is a natural protector of the tree against physical and biological aggressions 
and corresponds to the external and surrounding tissues of the vascular cambium. It 
can be distinguished as the inner and outer bark: the inner bark is known for being 
the active layer and corresponds to the one nearest to wood and is mainly composed 
by secondary phloem. The external bark corresponds to the dead tissue containing 
the periderm attached to the outermost surface being mainly composed of old 
phloem and periderm (Fengel and Wegener 1984; Whitmore 1962). E. globulus 
bark anatomy has been extensively studied (Quilhó and Pereira 2001; Quilhó et al. 
1999; Quilhó et al. 2000), and it is a dark-gray color bark, fibrous, deciduous, and 
with smooth, longitudinal, and narrow fissures; the parenchyma and fibers occupy 
50% and 28% of total area/volume of bark, respectively (Quilhó et al. 2000). The 
inner bark region is composed of non-collapsed phloem, followed by collapsed 
phloem and a single periderm. The non-collapsed phloem is uniform and with alter-
nate tangential bonds of parenchyma and fibers.

Considering the E. globulus, it is one of the most important species used in pulp 
and paper production in southern Europe, Australia, and South America. During the 
debarking process, about 11% of the stem dry weigh (Quilhó and Pereira 2001) is 
generated turning this particular bark a very promising biomass source, and there-
fore, several studies have been devoted to this particular species to understand its 
chemical composition and identify the main potential end uses for this plentifully 
available resource.

Chemical constituents of the bark can be grouped into structural components of 
the cell walls with several macromolecular components (polysaccharides, lignin, 
and suberin) and nonstructural components of low molecular weight (extractives 
and ashes) (Pereira 1988).

The chemical composition of E. globulus bark is summarized in Table 1.3. It is 
important to take into consideration that there is an inherent variability of the com-
position of barks related to geographic location, age, type of soil, and morphologic 
region studied, among other factors, explaining the wide range of intervals found 
between different sources of literature (Pereira 1988; Quilhó et  al. 1999). 
Additionally, the extractive content can also vary according to methodologies 
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applied and morphological part of the bark used (root, stem, or branch). The inner 
and outer bark have different characteristics, and thus, when comparing the chemi-
cal composition from different literature sources, it is important to take into consid-
eration the morphological part of the bark studied (inner, outer, or both parts of the 
bark). The bark particle sizes also influence the extraction yields since mass transfer 
is improved. Some studies have shown that particle size influences the composition 
as well and that the finest fractions (<0.180 mm) are richer in extractives and lignin, 
while the coarser fractions (>2 mm) have higher cellulose and hemicellulose con-
tents (Miranda et al. 2013).

1.6.1.1  �Structural Components

Lignin
Lignin confers rigidity and resistance to the cell plant wall (Fengel and Wegener 
1984) and is the second most representative fraction of bark components represent-
ing about 18.6–34.1% of the E. globulus bark dried weight (Mirra 2011; Mota et al. 
2013; Pereira 1988; Vázquez et  al. 2008) and where 16.7–26.6% is insoluble in 
mineral acids and only a small fraction (1.4–7.5%) is solubilized during acid 
hydrolysis.

E. globulus bark has a high ratio of S/G units, and, unlike its corresponding wood 
where H units are insignificant, about 7% of H units were detected (Costa et al. 
2014; Mota et al. 2013). Deep characterization of E. globulus bark and wood lignins 
revealed that they are very similar, yet bark lignin contains higher content of con-
densed structures per aromatic ring (Costa et al. 2014). Costa et al. (2014) has pro-
posed the following empirical formula for E. globulus bark lignin: 
C9H9.1O2.3(OHph)0.31(OCH3)1.53, with phenyl propane unit molecular weight of 207 g/
mol and OHph representing the phenolic groups.

Polysaccharides
Lignin and polysaccharides are the main components of the cell walls conferring 
mechanical strength, rigidity, and resistance to the plant. The polysaccharides are 
linked with lignin, and therefore, the type and proportion of sugars obtained might 
vary according to the depolymerization method employed (Chen 2014).

The polysaccharides, also referred as holocellulose, constitute the most represen-
tative portion of bark components, accounting for more than a half of the bark weight. 
It is defined as water-insoluble carbohydrate fraction of plant materials mainly com-
posed of cellulose, hemicellulose, and pectic substances (Heredia et al. 1995).

In the particular case of E. globulus bark, the carbohydrate fraction reported is 
about 62–79% (Table 1.3), being 43–56% cellulose (Miranda et al. 2012; Pereira 
1988; Vázquez et al. 2008) and 20–24% hemicellulose (Miranda et al. 2012; Pereira 
1988).

Cellulose defines the cell wall framework and is a three-dimensional linear 
homopolymer of poly-β (1,4)-D-glucose with a degree of polymerization greater 
than 15,000 (Heredia et al. 1995). It is mainly composed of a crystalline region with 
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Table 1.3  Chemical composition of E. globulus bark and extraction yields obtained in different 
solvents, expressed as % of total dry mass of bark

Parameter %w/wdried bark Reference

Structural components

Klason lignin 15.0–26.6 Miranda et al. (2013), Miranda et al. (2012), Mota 
et al. (2013), Neiva et al. (2014), Pereira (1988), and 
Vázquez et al. (2008)

Soluble lignin 1.4–7.5 Miranda et al. (2013), Mota et al. (2013), Neiva et al. 
(2014), Pereira (1988), and Vázquez et al. (2008)

Polysaccharides 62.5–79.7 Miranda et al. (2013), Miranda et al. (2012), Mota 
et al. (2013), Neiva et al. (2014), Pereira (1988), and 
Vázquez et al. (2008)

Suberin 0.98 Miranda et al. (2013)
Nonstructural components

Ash content 1.6–4.7 Mota et al. (2013), Pereira (1988), and Vázquez et al. 
(2008)

Total extractives 6.0–8.5a Miranda et al. (2013), Miranda et al. (2012), Neiva 
et al. (2014), and Pereira (1988)

Yields of extraction

n-Hexane 0.42 Vázquez et al. (2008)
Benzene-ether 1.8–2.9 Pereira (1988)
Ether 0.68–1.3 Conde et al. (1996)
Dichloromethane 0.71–0.90b; 0.45c; 

3.9d; 5.2e; 18.2f

Domingues et al. (2009), Freire et al. (2002a), and 
Mota et al. (2013)

Ethyl acetate 0.70 Vázquez et al. (2008)
Acetone 1.0 Vázquez et al. (2008)
Methanol 2.7–9.3 (boiling 

T)
8.2 (room T)

Mota et al. (2013), Santos et al. (2011), and Vázquez 
et al. (2008)

Ethanol 1.3–2.5 Vázquez et al. (2008)
Ethanol/toluene 2.2 Mota et al. (2013)
Methanol/water 
80:20%v/v

2.0
2.8–12.3

Cadahía et al. (1997), Conde et al. (1996), Conde 
et al. (1995), and Vázquez et al. (2008)

Methanol/water 
50:50%v/v

5.2 Vázquez et al. (2008)

Ethanol/water 
80:20%v/v

2.6 Vázquez et al. (2008)

Ethanol/water 
50:50%v/v

5.0 (boiling T)
9.3 (T ≈ 25 °C)

Vázquez et al. (2008)
Santos et al. (2011)

2.5% Na2SO3 aqueous 
solution

8.5 Vázquez et al. (2008)

NaOH 0.1% 16.0 Mota (2011)
NaOH 1% 19.9–43.3 Miranda et al. (2013), Miranda et al. (2012), Mota 

et al. (2013), Pereira (1988), and Vázquez et al. 
(2008)

(continued)
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well-arranged cellulose macromolecules and contains a small portion of an amor-
phous region with the molecular chains arranged more irregularly. Cellulose is 
bonded with lignin and hemicellulose mainly by hydrogen bonding (Chen 2014). 
Being cellulose the most representative carbohydrate fraction, glucose is the main 
sugar moiety obtained after hydrolysis. In the particular case of E. globulus bark, a 
glucose range of 43–68% has been quantified after acid hydrolysis (Miranda et al. 
2013; Mota et al. 2013; Vázquez et al. 2008). This value could be somewhat over 
estimated by a small contribution of glucose coming from glucomannans and non-
cellulosic glucans.

Hemicellulose forms a network with cellulose microfibrils, and unlike cellulose, 
it is a heteropolymer with a small crystalline region composed of different mono-
saccharides, the hexoses (glucose, mannose, galactose, rhamnose), and the pentoses 
(xylose, arabinose). Additionally, some hemicelluloses contain uronic acids (Fengel 
and Wegener 1984).

It is expected that E. globulus bark hemicellulose has a similar structure to its 
respective wood containing glucuronoxylans and galacturanans (Pinto et al. 2005b; 
Shatalov et  al. 1999). E. globulus wood xylans may contain 4-O-methyl-α-D-
glucuronic acid or 4-O-methyl-α-D-glucuronic acid substituted with galactose or 
glucose linked with the xylan backbone. The substituted uronic acids can establish 
linking points between xylan and other cell wall polysaccharides such as rhamno-
arabinogalactans and glucans (Pinto et al. 2005b). This is supported by the sugar 
moieties quantified after conventional acid hydrolysis and methanolysis of bark. 
Xylose is the second most abundant sugar moiety quantified either by conventional 
acid hydrolysis or methanolysis, accounting for 10.4–23.2% (Miranda et al. 2013; 
Mota et al. 2013; Vázquez et al. 2008). Minor amounts of arabinose (1.6–3.7%), 
galactose (1.6–3.6%), mannose (0.42–1.9%), and rhamnose (≈0.4%) have been 
quantified for E. globulus bark employing both methodologies (Miranda et al. 2013; 
Mota et  al. 2013; Vázquez et  al. 2008). Additionally, galacturonic (3.2%) and 
4-O-methylglucuronic (2.3%) acids were only detected by acid methanolysis, 
explained by the fact that the labile uronic acids are easily degraded during conven-
tional acid hydrolysis.

Table 1.3  (continued)

Parameter %w/wdried bark Reference

Water 4.1–8.1
(90 °C or boiling 
T)

Miranda et al. (2013), Miranda et al. (2012), Mota 
et al. (2013), and Vázquez et al. (2008)

2.4–2.6
(room T/25 °C)

Mota et al. (2013) and Vázquez et al. (2008)

(a) Usually obtained with sequential extractions of several solvents, starting with dichloromethane, 
the less polar solvent that gives the nonpolar fraction of the extractives and followed by methanol, 
ethanol, and/or water (giving the polar fraction of bark extractives); dichloromethane extractives 
obtained in (b) trunk bark, (c) inner bark, (d) outer bark, (e) surface layers from trunk bark, and (f) 
branches bark

1  Chemical Pulp Mills as Biorefineries



37

In this regard, Mota et al. (2013) have demonstrated that acid hydrolysis and acid 
methanolysis are methodologies that complement each other, giving a more reliable 
quantification of the sugar residues present. Due to its low degree of polymerization 
and crystalline structures, the hemicellulose is more easily degraded in acid medium 
impairing the respective quantification of the sugar residues, as is the case of the 
uronic acids not detected by conventional acid hydrolysis. On the other hand, acid 
methanolysis is unable to completely hydrolyze the cellulose into glucose.

Suberin
E. globulus bark contains 0.98% suberin confirming that its anatomical structure 
has a low amount of suberized phellem tissue in the periderm.

1.6.1.2  �Nonstructural Components

Ash Content
The inorganic fraction of the bark is fundamental for cellular activity, and it refers 
to the ash content mainly composed of calcium, potassium, and magnesium origi-
nally in the form of carbonates, silicates, phosphates, and oxalates. Typically, ash 
content in E. globulus bark is below 5% (Table 1.3), a higher value than the respec-
tive wood (Fengel and Wegener 1984; Pereira 1988). Moreover, the inner bark ash 
content is higher than the outer bark.

In Miranda et al. (2013), the ash content and respective elemental composition 
were determined for different granulometric fractions of E. globulus bark, and dif-
ferences according to the fraction analyzed were analyzed. Ash content obtained 
ranged from 4.3% to 23.1%, with an average value (12.1%) considerably higher 
than the values found in literature. The authors have explained these results with 
probable contamination of the soil and other extraneous fine materials during sam-
ple collection, pointing out the importance of bark cleaning during field and mill 
handling if a bark valorization step is to be considered. Elemental analysis has 
shown the presence of nitrogen (0.19–0.26%), calcium (0.181–0.623%), magne-
sium (0.120–0.154%), sodium (0.07–0.08%), and potassium (0.23–0.31%), among 
other elements (P, Cu, Zn, Ni, Cr, and Pb).

Extractives
Barks are usually richer in extractives than its corresponding wood, explained with 
the anatomical features of the bark and with the presence of the kino pockets or 
veins and oil glands (Eyles et al. 2004; Eyles et al. 2003; Hillis and Yazaki 1974). 
Kino pocket formation is associated with the tree mechanism of defense producing 
kino, a polyphenolic exudate containing several hydrophilic extractables such as 
polymeric proanthocyanidins, sometimes in their heterosidic form (Hillis and 
Yazaki 1974).

The extractives correspond to a small portion of the E. globulus bark (6.0–8.5%, 
Table 1.3) but are composed of a wide and complex variety of low molecular weight 
compounds ranging from lipophilic compounds (fat acids, aliphatic alcohols, triter-
penes, and sterols), volatile terpenes, free sugars, and phenolic compounds (pheno-
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lic acids and aldehydes, cinnamic acids, stilbenes, hydrolysable, and condensed 
tannins, among others) (Cadahía et al. 1997; Conde et al. 1996; Conde et al. 1995; 
Domingues et al. 2009; Eyles et al. 2004; Freire et al. 2002b; Santos et al. 1997; 
Santos et al. 2011).

A significant portion of the E. globulus bark extractives are mainly of polar 
nature, corresponding to about 80–86% of the total extractives (Miranda et al. 2013; 
Miranda et al. 2012; Neiva et al. 2014), and are obtained with polar solvents water, 
methanol, and/or ethanol. The remaining compounds are mostly lipophilic com-
pounds being extracted with less polar solvents such as dichloromethane.

As mentioned above, the age of the tree and environmental, genetic, and seasonal 
variations are also responsible for the wide intervals of extraction yields obtained 
among different studies employing the same solvent (Cadahía et al. 1997; Conde 
et al. 1996; Conde et al. 1995). Likewise, the methodologies used are also detrimen-
tal for the extraction yield. The majority of the extractions in bark chemical charac-
terization are performed using the Soxhlet method, at the boiling temperature of the 
solvent used. In Table 1.3, literature data mostly concern to extractions performed 
at 90 °C or boiling temperature of the solvent. Some exceptions are indicated in the 
table, and extraction yields obtained at room temperature are also indicated. In Sect. 
4.2, yields of extraction obtained with water, alkaline, and ethanol/water mixtures 
will be discussed with more detail and the effect of temperature and the solid-liquid 
ratio used addressed.

Existing literature displays a wide variety of extraction yields from E. globulus 
bark according to the type and polarity of the solvent. Since the majority of the 
extractives present in bark are polar, it is expected that extraction yields are higher 
in more polar solvents once it will remove the more hydrophilic components such 
as polyphenols, salts, and carbohydrates of low molecular weight (Rowell 2005). In 
this way, according to literature data summarized in Table 1.3, less polar solvents 
such as n-hexane, ether, ethyl acetate, or acetone have lower extraction yields 
between 0.42% and 1.3%. On the other hand, extractions performed with methanol, 
ethanol, water, and mixtures thereof have displayed a higher extraction yield inter-
val, between 1.3% and 9.3%.

Literature data regarding the dichloromethane yield of extraction varies consid-
erably because different fractions of bark have been studied (trunk, branches, sur-
face layer, or peeling). Through Table 1.3 it is possible to observe that the lipophilic 
content of total trunk bark yields between 0.7% and 0.9% (Domingues et al. 2009; 
Mota et al. 2012). On the other hand, the outer layer of bark displays higher amount 
of lipophilic compounds (3.9%), and, if only the surface layers are considered, the 
yield obtained is higher (5.2%), and bark obtained from branches register the high-
est yield (18%) (Domingues et al. 2010). The inner bark has the lowest extraction 
yields in dichloromethane (0.45%). Moreover, it was also demonstrated in 
Domingues et  al. (2010) study that the point of bark collection in the debarking 
process (e.g., wood yard stocks, pre-debarking, rotating debarking drum, bark 
grinding, bark accumulations over the bark grinder, and ground bark conveyer) is 
detrimental for the lipophilic extraction yield, obtaining a range interval of 0.6–
1.5% of lipophilic compounds.
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Extraction yields obtained with water, methanol, and ethanol can achieve a maxi-
mum of 8.1%, 9.3%, and 2.5%, respectively (Table 1.3). Studies encompassing the 
use of aqueous methanol/ethanol summarized in Table 1.3 have demonstrated that 
increasing the water content from 20% to 50%, the extraction yields increases up to 
two times (Vázquez et al. 2008).

Water extractions performed for temperatures above 90 °C have higher extrac-
tion yields (4.1–8.1%) than for extractions performed at room temperature (2.4–
2.6%). This is explained by the fact that higher temperatures favor the solubility of 
compounds such as tannins and starch (Rowell 2005).

Alkaline extraction is commonly used to extract tannins from barks, offering a 
good alternative to organic solvents. It allows the extraction of flavonoid oligomers 
and polymers, waxes, suberin degradation products, carbohydrates, and lignin. 
Some existing literature is summarized in Table  1.3, and in Subsection 4.1, the 
yields and selectivity for extracting certain families of compounds will be discussed 
in more detail.

Through Table 1.3 it is possible to observe that the extractions performed with 
2.5% Na2SO3 aqueous solution solubilize 8.5% of compounds, corresponding to 
half the content solubilized using NaOH 0.1  M (16%). Higher extraction yields 
ranging from 19.9% to 43.3% are obtained when a more concentrated solution of 
NaOH (1 M) is employed.

1.6.2  �Current and Potential Commercial Products 
from the Bark

Nowadays, companies worldwide are concerned about developing environmental 
suitable processes in order to meet the increasing energy demand and, thus, effi-
ciently convert biomass into several profitable and marketable commodities.

In the particular case of E. globulus, large amounts of bark are generated from 
the pulp and paper industry in Southern Europe. This by-product is currently used 
as fuel to suppress the power needs at the mill site. This is one of the simplest ways 
to deal with this high available resource since the complexity of managing with the 
physical and chemical composition heterogeneity of barks can be disregarded. On 
the other hand, it is a low-grade application for bark considering the low-value 
return and the operational problems that may result from the combustion stage 
caused by fouling problems triggered by the high ash content typically present in 
barks (Feng et al. 2013).

Bark could be a cheaper and important fiber source to suppress the needs of the 
pulp mills; however, it is not employed in pulp production since it lowers the quality 
and productivity of cellulose pulp, mainly attributed to the presence of high content 
of extractives and ashes that lowers the pulp yields (Amidon 1981), and it demands 
high consumption of cooking chemicals to achieve acceptable kappa numbers and 
leads to pulps with low brightness (Miranda et al. 2012; Neiva et al. 2014).
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There are some studies considering the incorporation of a certain amount of cel-
lulose pulp from E. globulus bark. Miranda and co-workers (Miranda et al. 2012) 
have demonstrated that although cellulose pulp from E. globulus bark is obtained 
with lower yields, delignification degree, and strength, the refining step is simpler 
than the corresponding wood pulp. The authors have demonstrated that bark can be 
incorporated in wood pulping up to 14% without significantly affecting pulp yield, 
delignification degree, refining, and strength properties (tensile index, tear index, 
and burst index). Nevertheless, it has to be counterbalanced the increase of organic 
material solubilized in the black liquor that needs to be processed and the environ-
mental issues related with the effluents resulting from bleaching process.

Biochar, a carbon-rich material, can be produced from bark pyrolysis and 
employed as fuel, in the preparation of activated carbons and soil amendment 
(Mohan et al. 2006). In this thermochemical conversion process, it is possible to 
simultaneously produce bio-oil and syngas for further valorization into energy and 
as feedstock for chemical production. Other thermochemical conversion process 
typically employed with forestry biomass residues is the liquefaction at high tem-
peratures in the presence of water or any other solvent (e.g., ethanol, acetone, or 
phenol) for the production of energy, valuable chemicals, or composite materials 
such as resins, polyurethanes, or polyesters. A resin-type molding material could be 
envisaged for wood floor fillers and conventional molding agents: bark-based ther-
mosetting materials were obtained after Eucalyptus bark phenolysis in the presence 
of sulfuric acid being very similar to the commercially novalak resin-based molding 
materials (Alma and Kelley 2000; Zhao et al. 2006). Torrefaction of E. globulus 
bark has been studied for pelletization (Arteaga-Pérez et  al. 2015). The thermo-
chemical conversion processes applied to different biomasses, including bark, have 
been extensively reviewed (Canabarro et al. 2013; Feng et al. 2013; Gollakota et al. 
2018; Kumar et al. 2018; Tanger et al. 2013; Verma et al. 2012).

Being E. globulus bark a plentiful available forest biomass resource well suitable 
to obtain lignin, cellulose, hemicellulose, and extractives, within the biorefinery 
concept applied to pulp and paper industry, there are considerable research efforts 
in finding upgraded valorization applications (de Melo et al. 2012; Domingues et al. 
2010; Pinto et al. 2013; Pinto et al. 2017; Santos et al. 2011; Vankar et al. 2009; 
Vázquez et al. 2009). In Feng et al. (2013), the potential of converting bark from 
several species into materials and extract high value-added chemicals is discussed, 
highlighting the main breakthroughs achieved and obstacles to overcome in the 
future. Several studies conducted with barks of different species have shown the 
great potential of this biomass to prepare adsorbents, fillers for phenolic resins to be 
applied in plywood, or as a source of bioactive compounds, among many other 
applications. Figure 1.18 depicts an overview of the possible valorization routes for 
E. globulus bark, and although some of them were never demonstrated for E. globu-
lus bark, they have been successfully explored with other barks. Identifying the 
most promising valorization routes has been a challenge through the years due to 
the heterogeneous structure of barks, and developing a suitable industrial process 
still requires more research to proper explore the most profitable one.

1  Chemical Pulp Mills as Biorefineries



41

In the integrated biorefinery context, the exploitation of bark extractives previ-
ously to its current use of burning to obtain energy constitutes a promising approach. 
It can include the previous extraction of the lipophilic compounds before extracting 
the more polar compounds with water, methanol, ethanol, or alkaline solutions. 
Although this type of compounds has high value in the market, the development of 
an industrial process probably should consider the separation of several compounds 
simultaneously and its purification in order to obtain an economically feasible 
process.

The low molecular weight compounds of several barks have been extensively 
studied and several lipophilic and phenolic compounds identified displaying inter-
esting chemical, biological, and pharmacological properties (Babayi et  al. 2004; 
Hou et al. 2000; Kampa et al. 2004; Meltzer and Malterud 1997; Moure et al. 2001; 
Perchellet et al. 1994; Pizzi 2008; Takuo 2005).

The polyphenolic compounds correspond to a significant portion of the polar 
extractables of E. globulus bark and will be detailed in Sect. 4. Several phenolic 
acids and aldehydes, flavonoids, flavonoid glycosides, and galli- and ellagi-tannins 
have already been identified in methanolic extracts (Santos et  al. 2013). Many 
studies have demonstrated the potential of the polar extracts as antioxidants 
(Vázquez et al. 2009; Vázquez et al. 2012) and anticarcinogenic (Mota et al. 2012).

Regarding the less polar compounds, the main volatile terpenes identified after 
dichloromethane extraction of the E. globulus bark were aromadendrene, a-pinene, 
1.8-cineole, a-phellandrene, and virididlorene (Eyles et al. 2004; Eyles et al. 2003). 
The major families of lipophilic compounds identified in E. globulus bark corre-
spond to fatty acids, long-chain aliphatic alcohols, triterpenoids, and sterols (Freire 
et al. 2002b). Lipophilic extractives of inner and outer bark differ significantly in 

Fig. 1.18  Possible valorization routes for E. globulus bark
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composition. The inner bark lipophilic compounds are very close to the respective 
wood, and for the outer bark, the lipophilic extractive content is mostly represented 
by triterpenic acids with lupine, ursane, and oleanane skeletons. Significant amounts 
of sesquiterpenes and sesquiterpene alcohols have also been identified in outer bark. 
Fatty acids and alcohols were found in both fractions. E. globulus bark potential for 
obtaining bioactive lipophilic compounds has also been demonstrated (Domingues 
et al. 2010; Freire et al. 2002b), and recently, Domingues et al. (2012) managed to 
obtain concentrated fractions of several triterpenoid acids with confirmed bioactiv-
ity, such as ursolic, betulinic, oleanolic, butulonic, 3-acetylursolic, and 
3-acetyloleanolic acids, by a two-stage supercritical fluid chromatographic process 
employing soft conditions in the first stage (120 bar, 40 °C, and pure CO2 as the 
extracting agent) and a second stage with more harsh conditions (200 bar, 40 °C, 
and modified CO2 extracting agent with 5% ethanol).

The production of nanoparticles in the development of nanomaterials for cataly-
sis, sensors, and biomedical applications is an emergent trend. Aqueous extracts of 
E. globulus bark were employed in the green synthesis of metallic nanoparticles of 
silver and gold, and it was demonstrated that the polyphenolic galloyl derivatives 
present are predominantly responsible for the metal-ion reduction, while the sugar 
fraction and ellagic acid and isorhamnetin have the function of stabilizing the 
nanoparticles (Santos et al. 2014).

Tannins are natural occurring phenolic compounds and are the main family of 
compounds in bark extractives, easily extracted employing alkaline solutions. They 
are suitable clarification agents for beverages due to their capability of complexing 
metal ions. Crude fractions of bark tannins are typically employed in leather tannin 
industry and have a great potential to replace phenol compounds normally employed 
as binging agents in the production of plywoods and laminates, as flotation agents 
and as cement superplasticizers (Pinto et al. 2013; Pizzi 1998; USDA 1971). The 
suitability of alkaline E. globulus bark extracts for leather tannin has already been 
demonstrated (Pinto et al. 2013). Several studies have successfully developed bark 
tannin-based adhesives for wood board, particleboard, and cardboard production as 
well as tannin-resorcinol-formaldehyde cold-setting waterproof adhesives (Pizzi 
2008). Moreover, tannins are natural precursors for biodegradable polyurethane and 
rigid foam formulations once they contain both aliphatic and aromatic hydroxyl 
groups (Celzard et al. 2010; Feng et al. 2013; Lacoste et al. 2015).

Lignin plays an important role in the plant being very well known for their anti-
oxidant and antimicrobial activities (Lora and Glasser 2002). Typically, the lignin in 
bark is chemically very similar to the corresponding wood. The species and the 
processes applied to isolate and purify lignin will determine the possible end uses. 
Modification of lignin can also tailor properties for specific applications (Duval and 
Lawoko 2014).

Typically lignin is used as fuel source; however, similar to tannins, lignin can 
also be a suitable replacement for phenolic resins as binders and can be used in the 
formulation of polyurethane foams, epoxy resins, and lignin-based bio-dispersants 
(Lora and Glasser 2002). In Khan et al. (2004), lignin-based phenol formaldehyde 
adhesives up to 50%wt. demonstrated having better bonding strength than the phe-
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nol formaldehyde resins frequently employed and can be a good replacement for 
plywood production. Several efforts are being made in order to develop thermoplas-
tic materials mainly employing lignin for several purposes (Laurichesse and Avérous 
2014; Lora and Glasser 2002). Apart from the discussed applications, several works 
have shown the potential of lignin as raw material to produce carbon fibers and valu-
able phenolic compounds (Chang et al. 2014; Costa et al. 2014; Duval and Lawoko 
2014).

Bark polysaccharides include cellulose and hemicellulose and could be explored 
for several industrial applications as, for example, in fine chemicals, cosmetics, and 
nutraceuticals. The production of alcohols, butanol, and mainly ethanol from poly-
saccharides is the most explored valorization route. Although bark is not a favorable 
source to obtain fermentable sugars due to the high content in extractives, a pretreat-
ment could be envisaged in order to consider bark as a promising source for ethanol 
production. The production of other chemicals from polysaccharides is extensive 
ranging from furans, sugar alcohols, sugar acids with broad applications as adhe-
sives, sweeteners and precursors for fine chemicals, and plastics, among many oth-
ers (Moon et al. 2011).

Functional polymers and materials can be made out of cellulose and are exten-
sively studied. Several different particles with distinct physical and chemical, 
mechanical, rheological, and thermal properties can be obtained ranging from 
micro- and nano-fibrillated cellulose, crystalline nanocellulose, and bacterial cellu-
lose (Moon et al. 2011).

Bark valorization routes are extensive, being several of the approaches suggested 
here not yet reported for E. globulus bark. The choice of the most promising route(s) 
will be determined by the resources available at the mill site and most of all the 
return in investment.
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Chapter 2
Integrated Process for Vanillin 
and Syringaldehyde Production from Kraft 
Lignin

Abstract  Lignin is one of the main components of pulping liquors; its heteroge-
neous molecular structure constitutes a valuable source of chemicals, particularly 
phenolics. However, lignin depolymerization with selective bond cleavage is the 
major challenge for converting it into value-added chemicals and to accomplish its 
subsequent valorization. One of the routes for the potential evaluation of lignin as 
source of syringaldehyde (Sy) and vanillin (V) is toward environmentally friendly 
processes as oxidation with O2. In this chapter, the performance of oxidative depo-
lymerization of lignins and black liquors from different sources is evaluated. The 
effect of reaction conditions on the product yield and the study of kinetic laws were 
also detailed.

Membrane separation and chromatographic processes suggested as downstream 
processes to treat the oxidized lignin media are also briefly described. Membrane 
separation studies refer to studies performed with synthetic lignin/vanillin solutions 
and a real oxidized lignin solution and address the rejection coefficients toward 
lignin and phenolate monomers of interest, main fouling factors, and cleaning. 
Tubular ceramic membranes with molecular weight cutoffs ranging from 50 to 
1  kDa were used. The chromatographic processes encompass studies performed 
with ionic and nonionic resins employing either synthetic mixtures or real oxidized 
lignin solutions.

Finally, the integrated oxidation and separation process proposed aiming the 
complete valorization of lignin in phenolic monomers and oligomers is detailed.

Keywords  Oxidation of lignin · Batch oxidation · Structured packed bed · 
Membrane separation  · Ion exchange · Adsorption and desorption · Vanillin · 
Syringaldehyde · Kraft black liquor · Modeling
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2.1  �Oxidation of Lignin with O2 in Alkaline Medium

Pulp and paper industries generate large amounts of lignin-based material that are 
mainly handled in a destructive way to energy production. However, several favor-
able economic and environmental aspects point out the use of lignocellulosic bio-
mass as an interesting source for obtaining valuable fine chemicals by means of 
controlled lignin depolymerization. The type and yields of products from lignin 
depolymerization are highly dependent on the selected process, reaction conditions, 
and the nature of the raw material. The nature of raw material has great influence in 
the type and yields of products since the ratio between guaiacyl (G), syringyl (S), 
and p-hydroxyphenyl (H) units, the molecular weight, and the amount of lignin dif-
fer among groups of plants. Softwood lignins primarily contain G units and small 
proportions of H units, and hardwood lignins contain both S and G units, with a 
minor proportion of H units. Moreover, even in the same group of plants, in this case 
hardwoods, there is a high variety of proportions between G and S units as detailed 
in the literature (Santos et al. 2011).

Literature is extensive regarding the conversion of lignin from different origins 
into functionalized phenolic monomers of great interest. Lignin depolymerization 
with selective bond cleavage is the major challenge for converting lignin into value-
added chemicals and to accomplish its subsequent valorization. A variety of depo-
lymerization methods have been proposed, and some reviews about this subject 
have been published (Mahmood et al. 2016; Pandey and Kim 2011; Schutyser et al. 
2018). Pyrolysis (thermolysis), gasification, hydrogenolysis, chemical oxidation, 
and hydrolysis under supercritical conditions are the major thermochemical meth-
ods studied (Azadi et al. 2013; Pandey and Kim 2011).

The oxidative depolymerization of lignin can be performed through different 
types of oxidants, and the characteristics of each oxidant determine their activity 
and selectivity in the reaction (Lin and Dence 1992). Consequently, the oxidant 
selection is based on the properties that allow obtaining the maximum product 
yields from lignin oxidation. Between them it is possible to find oligomeric prod-
ucts, phenolic and non-phenolic compounds. However, in most studies, the authors 
focus their attention on the identification and quantification of specific phenolic 
compounds of greatest interest that usually include several aldehydes (V and Sy, 
Fig.  2.1), acids (vanillic and syringic acid), and ketones (acetovanillone and 
acetosyringone).

Fig. 2.1  Structure of Sy 
(3,5-dimethoxy-4-
hydroxybenzaldehyde) and V 
(3-methoxy-4-
hydroxybenzaldehyde)
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The high yields reported, considering mainly V and Sy, were obtained by oxida-
tion with molecular oxygen in alkaline medium (Pandey and Kim 2011; Pinto et al. 
2012). The use of molecular oxygen as oxidant is advantageous when economic and 
environmental questions are considered. This is an inexpensive and green oxidant, 
which preserves the lignin aromatic rings during the oxidation reaction. However, 
when oxygen is used, it is important to take into account some limitations: its non-
selectivity, the possibility of over oxidation, its low solubility in the reaction 
medium, and the requirement of high temperatures for activation (Marshall and 
Sankey 1951; Pinto et al. 2012; Tromans 1998). Moreover, it is well-known that the 
phenolic units and ring-conjugated structures of lignin became more reactive with 
oxygen.

2.1.1  �Batch Oxidation

In the last decades, several authors have been working on lignin batch oxidation in 
order to develop an effective process of V and Sy production from different sources 
of lignin (Araújo et al. 2010; Mathias et al. 1995a; Mathias and Rodrigues 1995; 
Pinto et  al. 2013; Sales et  al. 2006; Santos et  al. 2011; Tarabanko et  al. 2001). 
Alkaline oxidation of lignin using O2 with or without the presence of a catalyst is 
the most studied process.

The oxidative depolymerization of lignin involves the cleavage of aromatic rings, 
aryl ether linkages, and/or other linkages in lignin structure. Products from lignin 
alkaline oxidation are predominantly aromatic aldehydes or acids depending on 
the reaction conditions. Among them, V and Sy and other phenolics like 
p-hydroxybenzaldehyde, vanillic, and syringic acids are the most important, and 
their occurrence plays a decisive role to determine the reaction efficiency (Pinto 
et al. 2012; Wu et al. 1994). In the literature, it is possible to find different mecha-
nisms that intend to explain the aldehyde formation from lignin precursors by alka-
line oxidation. A study about the improvement of the process conditions of oxidative 
cleavage of an aspen wood lignin into aromatic aldehydes (V and Sy) was devel-
oped by Tarabanko and Petukhov (Tarabanko and Petukhov 2003; Tarabanko et al. 
2004). In this work, a mechanism for the formation of aromatic aldehydes from 
lignin oxidative depolymerization was described (Fig. 2.2), which starts from the 
formation of phenoxyl radical and is accomplished by the formation of V through 
the cleavage of substituted coniferyl aldehyde. The proposed mechanism allows 
inferring that the selectivity of the oxidation process could be achieved using more 
severe reaction conditions, in order to increase the yield of aromatic aldehydes from 
lignin (Tarabanko and Petukhov 2003).

A literature overview of some representative alkaline oxidations of lignin using 
O2 with or without the presence of catalyst shows that the yields do not exceed 12% 
w/wlignin and 20% w/wlignin for V and Sy, respectively (Fargues et al. 1996b; Mathias 
and Rodrigues 1995; Pinto et al. 2011; Pinto et al. 2012; Pinto et al. 2013; Santos 
et al. 2011; Tarabanko and Petukhov 2003; Wu et al. 1994). However, the lignin 
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potential for value-added chemical production depends on the experimental condi-
tions, and consequently, several authors studied the effect of lignin oxidation reac-
tion conditions on the production of V and Sy (Araújo et al. 2010; Costa et al. 2015; 
Pinto et al. 2013; Santos et al. 2011). They have concluded that the highest yields of 
these phenolic compounds are obtained at high pH (almost 14), high temperatures 
(higher than 373 K), and using molecular oxygen with a partial pressure equal or 
higher than 3 bar. The limitation of this process is the low solubility of oxygen in the 
reaction medium of sodium hydroxide (NaOH) and lignin in the high operational 
temperatures (Pinto et al. 2012).

Fargues and co-workers studied the production of V from kraft Pinus spp. lignin 
oxidation and found a maximum yield of V when oxidation reaction was performed 
with lignin concentration of 60 g/l and temperature of 393 K, in alkaline medium 
containing NaOH at 80 g/l under pO2 of 4 bar. (Fargues et al. 1996a, b). Moreover, 
in a study about the oxidation of hardwood kraft lignin to phenolic derivatives with 
O2, Villar and co-workers stated that in alkaline oxidation of lignin, the sample has 
an important effect on the phenolic products yield, as well as the method used for 
the isolation of lignin (Villar et al. 2001). The authors attributed the low aldehyde 
yield obtained to the condensed nature of lignins and also to the lignin and lignin 
oxidation product transformation into low molecular weight acids; therefore, lignin 
extracts that maintain a structure similar to the native lignin have higher yields 
(Villar et al. 2001).

Fig. 2.2  Reaction mechanism for vanillin formation during alkaline oxidation of lignin. (Reprinted 
by permission from Springer Customer Service Centre GmbH: Springer, Tarabanko et al. (2004), 
Copyright (2004))
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What concerns the presence of catalysts in lignin oxidation with O2 in alkaline 
medium, the most frequently used are transition metal salts as CuO, CuSO4, FeCl3, 
and Fe2O3, with CuSO4 being the most frequently used (Pinto et al. 2012; Schutyser 
et al. 2018). The referred catalysts have high oxidation potential and allow electron 
transference from the aromatic rings of lignin; at the same time, this high oxidation 
potential makes the regeneration of the metal salt in the catalytic cycle difficult 
(Pinto et al. 2012). In the literature, the lignin oxidation with catalyst has been stud-
ied mainly on model compounds, most of them monomers. Some relevant works 
about the effectiveness of catalysts in lignin oxidation reported that the addition of 
a catalyst not only accelerates the reaction but in general also increases the alde-
hydes yield (Behling et al. 2016; Ma et al. 2015; Sippola and Krause 2005; Wu and 
Heitz 1995; Zakzeski et al. 2010; Zhang et al. 2009). However, some studies have 
observed no yield increase in catalyzed oxidations (Mathias and Rodrigues 1995; 
Villar et al. 2001).

The great interest in lignin chemical oxidation leads to a constant exploration of 
process modifications and improvements, bringing new highlights in unexplored 
aspects of the reaction engineering and products (Mathias and Rodrigues 1995; 
Pinto et al. 2011; Santos et al. 2011; Tarabanko and Petukhov 2003).

2.1.1.1  �Kinetics and Modeling of Reaction in Batch Reactor for Vanillin 
Production

Since the goal of alkaline oxidation is to achieve the maximum conversion into 
phenolic compounds, several studies are focused in the discussion of the effect of 
reaction conditions in product yields obtained from lignin and/or spent liquor oxida-
tion (Araújo et al. 2010; Dardelet et al. 1985; Fargues et al. 1996a; Mathias and 
Rodrigues 1995). Moreover, the accurate selection of the oxidation conditions is 
important not only to achieve the maximum yields products but also to avoid the 
oxidation of the produced aldehydes into organic acids such as formic, acetic, lactic, 
oxalic, syringic, vanillic, and p-hydroxybenzoic. In the literature, the dependency of 
the phenolic compound yields on temperature, reaction time, O2 partial pressure 
(pO2), initial lignin concentration, and alkaline condition was often studied (Araújo 
2008; Fargues et al. 1996a; Mathias 1993; Pinto et al. 2012; Sales et al. 2006; Santos 
et al. 2011). In general, it was observed that all the parameters have a positive effect 
on the net conversion of lignin as well as the product yields, except for the reaction 
time which should have an optimum for the production of the desired compound.

Fargues and co-workers studied the process optimization of the production of V 
from the oxidation of a kraft Pinus spp. lignin (Fargues et al. 1996a, b). The kinetic 
study was carried out to measure reaction orders with respect to lignin, oxygen, and 
alkalinity, as well as the influence of temperature on the kinetic rate constants. They 
proved the dependency of the kinetic constant of V production with the temperature 
and also show that V produced is also degraded by oxidation whose importance 
depends on the pH and the temperature of the solution. On the other hand, Araújo 
and co-workers (Araújo et al. 2010) observed that whatever the lignin source, the 
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variation of pH is the most important condition in the oxidation reaction: lower 
values of pH increase the rate of V degradation, reducing its yield. The kinetic 
model, developed by these authors, to describe V production in batch reactor is 
shown in Table 2.1 and was based on the following assumptions:

	(a)	 The experimental kinetic study was entirely based on the concentration of van-
illin produced as a function of time, as it was not possible to measure the con-
centration of lignin nor other products of the oxidation.

	(b)	 The concentration of dissolved oxygen in the solution was calculated from a 
semiempirical correlation.

	(c)	 The lignin is composed of precursors that will create only vanillin.
	(d)	 The reaction of lignin oxidation into vanillin is irreversible.
	(e)	 The production rate of the vanillin is the same for all the fragments of the 

lignin.
	(f)	 The reactor is perfectly mixed.
	(g)	 There is no mass transfer limitation from the gas to liquid phase.
	(h)	 Isothermal operation.

Table 2.1  Isothermal model for lignin oxidation and vanillin production in batch reactor (Mathias 
1993; Sridhar et al. 2005)

Rate equation for vanillin production Rate equation for vanillin oxidation

r1 = k1 [CO2]1.75[CLi] r2 = k2 [CO2] [CV] (pH >11.5)

k
T1

71 376 10
3520

= × −





. exp k

T2
64 356 10

5530
= × −






. exp

Overall rate of vanillin production
r3 = k1  [CO2]1.75[CLi] − k2 [CO2] [CV]
Dissolved oxygen concentration correlation

O T P P T
P

O O2

3

2

5

2

2 33 559 6 659 10 5 606 1 594 10 1 498 10[ ] = − × − + × + ×− −. . . . . OO I

T
2 0 144 310 10







( )( )− −. /mol L

Lignin mass balance Vanillin mass balance

dC

dt
k C CLi

O Li= − [ ] [ ]1 2

1 75. dC

dt
k C C k C Cv

O Li O V= − [ ] [ ]− [ ][ ]1 2

1 75

2 2

.

Kinetic constant of vanillin production Kinetic constant of vanillin oxidation

k
T1

71 376 10
3502

= × −





. exp

(L/mol)1.75/min

k
T2

64 356 10
5530

= × −





. exp

L/(mol. min)
Kinetic constant of vanillin oxidation (considering the oxidation of vanillin alone)

k
T2

63 61 10
9706

= × −





 ( ). exp / .minL mol

CLi lignin concentration (mol/l), CO2 oxygen concentration (mol/l), CV vanillin concentration 
(mol/l), k1 kinetic rate constant (l/mol1.75/min), k2 kinetic rate constant (l/mol/min), PO2 partial pres-
sure of O2 (atm), r1 rate of vanillin production (mol/l/min), r2 rate of vanillin oxidation (mol/l/min) 
r3 rate of overall vanillin production (mol/l/min), T temperature (K), t time (s)
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Moreover, the mathematical model depends on the lignin source, and the tem-
perature and O2 pressure should be adjusted for the different reactions taking into 
account that the final yields are the balance between improving the V conversion 
and minimizing its oxidation.

Araújo also studied lignin oxidation in batch model and developed a more com-
plex model considering the energy balance of the system (Table 2.2) (Araújo 2008). 
The assumptions made for this non-isothermal model are (a) perfectly mixed reac-

Table 2.2  Non-isothermal model for lignin oxidation and vanillin production in batch reactor 
(Araújo 2008; Araújo et al. 2010)

Mass balance equation of the components

Vanillin:
 

dn

dt
r r V

n

V

V

t
V

l
v

l

l= −( ) −1 2

∆
∆

 / Lignin: dn

dt
rV
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V

V

t
L

l
L

l

l= −α 1

∆
∆

Sodium hydroxide:
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V

t
NaOH NaOH

l

l= −
∆
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 / Water: 
dn

dt
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V

t
H O H O

l

l2 2= −
∆
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Gases in the gas phase (oxygen, nitrogen and water vapor)

P P P PO H O N2 2 2
= − − /
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RT
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n RT
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C T0
0

0

Dissolved oxygen in the interface
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Energy balance to the system
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ddT

dt

V
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RT
nCp

dT

dt
l H O

i i+
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








+ ∑

∆
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2

Heat exchanged between the system and the surroundings
Q = U1A1 (TF − T) − U2A2(T − Tamb)

A1 internal area of the cylindrical glass limiting the reaction zone (m2), A2 surface area of the steel 
plates (m2), A0 B0, C0 parameters of the Antoine equation relating vapor pressure to temperature, 
CO2

* concentration of oxygen in the liquid in the gas-liquid interface (mol/m3), Cpi heat capacity of 
substance i (J kg−1 K−1), nH2O number of moles of water (mol), nL number of moles of lignin (mol), 
nNaOH number of moles of sodium hydroxide (mol), nV number of moles of vanillin (mol), P total 
pressure (bar), PH2O partial pressure of water (bar), PN2 partial pressure of nitrogen (bar), PO2 partial 
pressure of oxygen (bar), Q heat received by the system from the surroundings (W), R universal 
gas constant (l atm mol−1 K−1), r1 rate of formation of vanillin (mol m−3 s−1 or mol m−3 min−1), r2 
rate of oxidation of vanillin (mol m−3 s−1 or mol m−3 min−1), T reaction temperature (K), t time (s), 
TF thermofluid temperature inside the jacket (K), U1 overall heat transfer coefficient from the 
thermofluid in the jacket to the liquid inside the reactor (Wm−2 K−1), U2 overall heat transfer coef-
ficient from inside of the reactor to the ambient through the top and bottom stainless steel plates 
(Wm−2 K−1), Vg volume of the gas phase inside the reactor (m3), Vl volume of the liquid phase 
inside the reactor (m3), α lignin stoichiometric coefficient on the lignin oxidation reaction, ΔHr,1 
heat of reaction of lignin oxidation (J/mol), ΔHr,2 heat of reaction of vanillin oxidation (J/mol), Δt 
time interval between collection of two consecutive liquid samples (s), ΔVl volume of liquid taken 
from the system in each sample collection (m3), λH2O

vap heat of vaporization of water (J/mol)
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tor: constant spatial values of all variables within the reactor system; (b) constant 
total pressure during the reaction; (c) mass transfer resistances are negligible; (d) 
irreversible oxidation reactions; and (e) ideal behavior of the gas phase.

Santos and co-workers (Santos et al. 2011) studied the major products obtained 
from the oxidation of an eucalyptus lignosulfonate (LS) and the kinetics of their 
formation. The oxidation reactions were performed with molecular O2, in alkaline 
medium, and in the temperature range of 403–423 K. The authors observed that 
oxidation of LS leads to a predominant formation of Sy and V among low molecular 
weight aromatic oxidation products. The kinetic results proved that the rate constant 
of Sy formation was more than twice that for V and that Sy also suffered faster deg-
radation (about 5 times) than V, under the same conditions. In this study, the authors 
also suggested that aromatic aldehydes in LS oxidation, under alkaline conditions, 
are formed via different mechanisms than aromatic acids and that their yields are 
drastically affected by carbohydrates, which should be eliminated from sulfite spent 
liquor before oxidation (Santos et  al. 2011). Moreover, Fargues and co-workers 
(Fargues et al. 1996a) referred that, in lignin oxidation reactions, pO2 should not be 
too high and the effect of pO2 is on the rate of product formation with no influence 
on the yields. Nevertheless, the pO2 should be controlled to avoid further oxidation 
of V (Collis 1954; Fargues et al. 1996b). Changes in total pressure from 5 to 14 bar 
do not affect the products yields (Fargues et al. 1996a).

Some authors also referred that the reaction time and temperature should also 
be controlled to avoid degradation of the aldehydes produced leading to the for-
mation of acids (Fargues et al. 1996a; Mathias 1993). On the other hand, it is also 
stated in the literature that higher temperatures allow obtaining higher V yields in 
a shorter reaction time. Considering that V yield has a maximum with regard to 
the reaction severity, the rate of degradation of this compound is also higher (Pinto 
et al. 2012; Santos et al. 2011). Sales and co-workers studied lignin degradation 
reactions and aromatic aldehydes formation using a kinetic model quantified by a 
complex reaction network (Sales et al. 2006). Under the selected reaction condi-
tions of temperature (in the range of 373–413 K) and pO2 (between 2 and 10 bar), 
the kinetic evolution of a sugarcane lignin oxidation and product formation was 
investigated. The authors demonstrated that moderate pO2 and short reaction 
times must be employed in order to obtain the maximum yields of intermediate 
oxidation products, such as V, Sy, and Hy, and to avoid that the produced alde-
hydes are oxidized into organic acids, since the lignin consumption is a faster 
reaction step.

Another important process parameter for aldehyde production is the pH value of 
the mixture. pH should stay higher than 12 in order to keep the high alkalinity dur-
ing the reaction and consequently for the total ionization of phenolic groups and 
conversion to reactive quinone methide. During the lignin oxidation process, the 
yield of V decreases when the pH value begins to decrease. Indeed, high alkali con-
centrations (pH >12) reduce V degradation, whereas at lower pH values (<11.5), an 
accentuated decrease in V yield is observed (Fargues et al. 1996a; Pinto et al. 2012). 
This phenomenon was attributed to the protonation of reaction intermediates, more 
basic than the phenolics produced (vanillin pKa = 7.4) (Fargues et al. 1996a; Pinto 
et al. 2012; Tarabanko and Petukhov 2003).
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2.1.1.2  �Syringaldehyde as the Main Product from Hardwood Lignins

The demand for chemicals from renewable sources has brought an increasing inter-
est on lignin route to produce Sy (3,5-dimethoxy-4-hydroxybenzaldehyde). Sy is a 
promising aromatic aldehyde very similar in structure to V with the advantage of 
already containing two methoxyl groups (German Federal Government 2012; 
Holladay et al. 2007). This aldehyde is used as flavor and fragrance ingredient in 
food and cosmetic industries and also as precursor of second-generation fine chemi-
cals and drugs in pharmaceutical industry (Erofeev et al. 1990; Ibrahim et al. 2012; 
Manchand et al. 1992) such as 3,4,5-trimethoxybenzaldehyde, a building block of 
the antibacterial agent ormetoprim and trimethoprim. Sy can be synthesized from 
gallic acid, pyrogallol, vanillin, or p-cresol (Ibrahim et  al. 2012), and its market 
value is about 22 USD per kilogram (Christopher 2012).

Lignin has become less attractive as a raw material for V production due to the 
developments in the pulp and paper industry, such as the replacement of softwoods 
by hardwoods and non-wood plants as desirable raw materials (Hocking 1997; 
Pinto et al. 2013).

The type of phenolic compounds produced from lignin depolymerization is 
determined by the precursor content in lignin structure. G lignins (typical of soft-
woods) yield V under oxidative depolymerization, whereas H:G:S lignins (typical 
of non-wood plants and hardwoods) are able to produce Sy, Hy, and lower yields of 
V (Pinto et al. 2011; Sales et al. 2006; Villar et al. 2001; Wong et al. 2010a; Wu et al. 
1994). Consequently, lignin oxidation has been studied as a way to produce Sy, 
being an important approach in view of lignin exploitation for high-value-added 
applications (Costa et al. 2015; Pinto et al. 2011; Pinto et al. 2013; Santos et al. 
2011; Wu et al. 1994). At the same time, this could be seen as a disadvantage since 
the process (reaction and separation schemes) and market were focused on 
V. However, the implementation of new practices depends on its economic sustain-
ability which, in turn, depends largely of the raw material availability and product 
yield (from reaction to final separation).

2.1.1.3  �Oxidation of Eucalyptus globulus Kraft Pulping Liquor 
Versus Kraft Lignin

Considering the availability of side streams from pulp industries and biorefineries, it 
could be interesting to explore the industrial potential of pulping liquors as source of 
high-value-added chemicals. The potential evaluation of pulping liquors versus lig-
nins would be an important tool for the improvement of biorefining activity that 
claims for valorization due to environmental and economic factors. However, works 
focused on the depolymerization of isolated and nonisolated lignins are difficult to 
find in the literature. Pinto and co-workers (Pinto et al. 2013) developed a complete 
study to evaluate the potential of E. globulus kraft pulping liquors and lignins as 
source of Sy and V and other minor products. The authors studied three industrial 
kraft liquors from different processing stages: (1) at the digester outlet (KL), (2) after 
evaporation (EKL), and (3) after heat treatment (HTEKL) and the respective isolated 
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lignins. The potential of liquors and lignins was evaluated through oxidation with O2 
in alkaline medium. For each lignin and liquor, the profiles of low molecular weight 
phenolics were established, as well as the yields, selectivity, time to maximum, tem-
perature, and O2 uptake during the reaction. This study was focused in the yields of 
Sy, V (the main phenolic products identified in the oxidation mixture), and the 
respective carboxylic acids, syringic and vanillic acids. The authors observed that the 
progress of the product yield with reaction time does not significantly differ among 
the liquors and lignins. However, a lower uptake of O2 is observed in the direct oxi-
dation of kraft liquors, which is point out as a consequence of its high content on 
inorganic compounds comparatively to isolated lignins. The high content of inor-
ganic components in liquors reduces the consumption of O2 during oxidation and 
consequently limits the product formation, decreasing their yields (Pinto et al. 2013). 
Moreover, more than the carbohydrate and inorganic contents, in oxidation reactions 
where the alkali charge and O2 are not limiting factors, product yield is primarily 
affected by lignin structure, due to the contribution of condensed structures.

Pinto and co-workers (Pinto et  al. 2013) have also demonstrated that KL has 
lower content on condensed structures and higher potential than the other kraft 
liquors for aldehydes production; moreover, the isolation of lignin is advantageous 
only in the case of this liquor, leading to an increase of about 20% and 25% in the 
yields of Sy and V, respectively. For the others, liquors and lignins (EKL, EKLlig, 
HTEKL, and HTEKLlig), it was observed that the additional yield accomplished by 
oxidizing the isolated lignins is not enough to overcome the low recovery yield of 
lignins during the isolation process, concluding that lignin isolation benefits yields 
and selectivity but just in the case of KL. In Table 2.3, it is possible to find Sy and 
V yields per ton of nonvolatile solids for each liquor and lignin; the values confirm 
that the productivity is rather lower for direct oxidation of evaporated and heat-
treated liquors.

In the case of KL, the balance between the cost of isolation and the extra value 
obtained from the higher yields should be decisive if this route for lignin valoriza-
tion is envisaged (Pinto et al. 2013). Moreover, it is important to take into consider-
ation that when product yield from oxidation of E. globulus kraft pulping liquor and 
kraft lignins is evaluated, it is essential to understand the benefit of lignin isolation, 
considering that the pulping liquors could be directly oxidized; consequently, the 
benefit of prior lignin separation should be carried out for each case taking the 
yields, selectivity, O2 consumption, and time as assessment factors.

Table 2.3  Syringaldehyde and vanillin yields per ton of nonvolatile solids (Pinto et al. 2013)

Sample
kg of product per ton of solids
Sy V

Liquors KL 8.6 3.5
EKL 6.4 3.3
HTEKL 6.9 2.5

Lignins KLlig 10.3 4.4
EKLlig 4.1 1.6
HTEKLlig 2.8 1.3
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2.1.2  �Oxidation in Cocurrent Gas-Liquid Flow Structured 
Packed Reactor

After the research on lignin oxidation in batch mode, the interest is focused in the 
continuous process. From an industrial point of view, the continuous process of 
lignin oxidation represents a huge advantage since a large volume of kraft liquor is 
generated in a pulp and paper industry. Moreover, continuous processes are easier 
to control and to attain constant product characteristics, and their overall invest-
ments and operating costs are usually lower (Borges da Silva et al. 2009).

An experimental pilot setup was built in LSRE-LCM for lignin oxidation in con-
tinuous operating mode (Araújo 2008; Araújo et al. 2009). The authors selected a 
bubble column reactor based on the reasons as follows: no shaft sealing is required, 
enabling the operation of aggressive media at high temperatures and pressures, rea-
sonable price and can be easily adapted and resized, and can provide uniform tem-
perature throughout even with strong exothermic reactions (Araújo et  al. 2009). 
Figure 2.3 shows the schematic diagram of the operational pilot installation built. 
The structured packed bed continuous reactor (SPBCR) has a capacity of about 8 L, 
and the main body of the reactor was filled with Mellapak 750Y structured packing 
from Sulzer Chemtech (Switzerland) to improve the overall mass transfer perfor-
mance of the system. More details on the reactor setup can be found in the literature 
(Araújo 2008; Borges da Silva et al. 2009).

In a typical continuous process of oxidation, the alkaline solution of lignin 
(60 g/L of lignin in NaOH 2 M) is fed to SPBCR by a piston pump. The temperature 
inside the reactor was regulated to 403 K, and N2 is used to pressurize the system. 
The oxidation is initiated when the operating temperature, pressure, and flow rates 
stabilized. According to the results obtained by the authors, it was possible to 
observe that the conversion of lignin to vanillin in all the oxidation experiments 
performed was substantially smaller than the conversion obtained in the batch reac-
tor. With the referred lignin oxidation conditions, the continuous operation led to 
about 25–30% of the maximum of vanillin concentration produced in the batch 
process. The main reason pointed by the authors for this difference is the poor mass 
transfer of oxygen from gas to liquid phase. Moreover, in order to improve the reac-
tion rate, it is suggested that a higher mass transfer coefficient is required in order to 
achieve a high conversion of lignin to vanillin.

2.1.2.1  �Experimental and Modeling of Vanillin Production

To better understand the reaction and transport phenomena that occur during lignin 
oxidation experiments on SPBCR, a mathematical model was developed in LSRE-
LCM. The mathematical model developed was employed to describe experimental 
lignin oxidation data in SPBCR with and without the internals and used to deter-
mine the effect of the main operating conditions to enhance the reactor performance 
(Araújo 2008).
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Araujo and co-workers (Araújo 2008; Araújo et al. 2009) defined the mathemati-
cal model considering the following assumptions:

	1.	 Constant gas composition with the axial position and time.
	2.	 Isobaric reactor.
	3.	 The oxygen gas-liquid mass transfer is dominated by the resistance in the liquid 

film.
	4.	 Ideal behavior of the gas phase.
	5.	 For the same axial position, the temperatures of the packing, gas, and liquid 

phases are equal (pseudo-homogeneous model for the energy balance).
	6.	 The external tube of the reactor jacket is thermally insulated from the surround-

ings, and the temperature of the outer tube of the column is equal to the tempera-
ture of the thermofluid flowing inside the jacket.

	7.	 No heat losses in the thermofluid between the exit of the bath and the entrance of 
the reactor jacket.

Fig. 2.3  (a) Schematic diagram of the pilot setup for the continuous production of vanillin from 
lignin (1, safety valve; 2, on-off valve; 3, electromagnetic valve; 4, needle valve; 5, safety valve; 6, 
three-way valve; 7, mass flow controller; PT, pressure transducer; TT, thermocouple); (b) 
Structured bubble column reactor (both the cylindrical main body and the liquid stabilization 
chamber are jacketed); (c) Mellapak 750.Y packing module (made in 316  L stainless steel). 
(Reprinted from Borges da Silva et al. (2009), Copyright (2009), with permission from Elsevier)

2  Integrated Process for Vanillin and Syringaldehyde Production from Kraft Lignin



65

The complete set of equations defining the dynamic nonisothermal model for lignin 
oxidation in the SPBCR is shown in Table 2.4. The effect of some operating condi-
tions was studied using the mathematical model discussed previously in order to 
improve the performance of the continuous reactor and try to achieve the product 
yield obtained in batch mode. The effect of liquid feed flow rate (QL), gas feed flow 
rate (QG), set point of the thermostatic bath (TF

set), and the oxygen partial pressure 
(PO2) was evaluated (Araújo 2008). Figure  2.4 presented the simulation results 
obtained by the authors for the steady state of vanillin concentration obtained in the 
SPBCR for the different operating conditions studied.

From Fig. 2.4a, it can be observed that higher liquid flow rates, increasing the set 
point of the thermostatic bath, lead to an increase in the vanillin yield obtained in 
the exit stream of the reactor. However, this behavior is the opposite to the one pre-
dicted by the Araújo (Araújo 2008) for the lower liquid flow rate in the same point 
range. This can be a consequence of the increase of liquid residence time that 
degrades more lignin, and the pH starts to decrease into values where the growing 
tendency of the difference between the reaction rates with temperature inverts. What 
concerns the variation of the gas feed flow rate (Fig. 2.4b), the author concluded that 
higher steady states vanillin concentrations in the exit stream were obtained for 
higher gas flow rates, due to the linear increase of kLa. For the lower liquid residence 
times (higher liquid flow rates), the degree of vanillin formation is smaller, since 
oxygen mass transfer rate is still not good enough. On the other hand, Fig. 2.4c 
shows that an increase in partial pressure of oxygen results in an increase in vanillin 
yield. The increase of partial pressure of oxygen results in a higher oxygen solubil-
ity, which promotes lignin oxidation. Figure 2.4d reveals an increase in the vanillin 
production with kLa, with the exception of the results obtained for QL of 2 l/h. in this 
case, it seems that there is a maximum level of vanillin production with kLa., and the 
productivity starts to decrease by undesired vanillin oxidation. The authors of this 
work suggest that for a given amount of liquid fed to the reactor, there is an oxida-
tive capacity of the media that should lead to a maximum vanillin yield (Araújo 
et al. 2009).

Based on the complete study gathered above, the authors establish a set of oper-
ating conditions that could improve vanillin yield from SPBCR experiments (Araújo 
2008). The selected set of conditions was QL of 0.167 l/min, TF

set of 433 K, PO2 of 
10 bar with pure oxygen, P of 10 bar, QG of 40 SLPM, and kLa of 1.5 × 10−2 s−1. The 
simulation results of the vanillin concentration at the exit of the separation head 
obtained using the proposed set of operating conditions are shown in Fig. 2.5.

The results shown that the steady state value of vanillin concentration in the exit 
stream was around 1.8 g/L (3% of mass lignin conversion into vanillin). This result 
shows that the vanillin concentration obtained from the continuous process was 
significantly improved reaching about 85% of maximum vanillin concentration 
obtained in batch reactor.

The effect of lignin concentration, lignin molecular weight, and reaction tem-
perature on the vanillin yield obtained from lignin oxidation in continuous process 
was also evaluated using the mathematical model developed (Sridhar et al. 2005).
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Table 2.4  Mathematical model for the lignin oxidation in the SPBCR (Araújo 2008; Araújo et al. 
2009)
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AR internal cross-section area of the column (m2), AW difference between the external and the inter-
nal cross-section area of the column (m2), Ci concentration of species i in the liquid phase of the 
column (mol/m3), Ci

* concentration of species i in the liquid in the gas-liquid interface (mol/m3), 
CP,i heat capacity of substance i (J kg−1 K−1), Dax axial dispersion coefficient (m2/s), ɛG gas hold up, 
ɛL liquid hold up, ɛS volume fraction of the structured packing, kLa liquid side mass transfer coef-
ficient (s−1), PO2 partial pressure of O2 (atm), QL liquid flow rate (l/min), R1 radius of the internal 
wall of the reactor column (m), R2 radius of the external wall of the reactor column (m), R3 radius 
of the internal wall of the outer jacket tube (m), rk rate of reaction k, T reactor temperature (K), t 
time (s), TF thermofluid temperature inside the jacket (K), U overall heat transfer coefficient from 
the thermos fluid in the jacket to the liquid inside the reactor (W m−2 K−1), uGS superficial gas veloc-
ity (m/s), uLS superficial liquid velocity (m/s), VST volume of each stirred tank (m3), ΔHR,1 heat of 
reaction of lignin oxidation (J/mol), ΔHR,2 heat of reaction of vanillin oxidation (J/mol), λe f effec-
tive thermal dispersion coefficient (W m−1 K−1), νi,k stoichiometric coefficient of compound i in the 
reaction k, ρi density of substance i (kg/m3), Subscripts: F thermofluid, G gas phase, L lignin or 
liquid phase, O2 oxygen, S structured packing, W wall

The effect of lignin molecular weight, lignin concentration, and reaction tem-
perature on the yield of vanillin is shown in Fig. 2.6.

Lower molecular weight lignin seems to contain more amounts of precursors 
which are responsible for higher vanillin yields. It is also noted that the simulation 
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Fig. 2.4  Predicted values of the steady state vanillin concentration in the exit stream (CV
ST) for 

different TF
set (a), QG (b), PO2 (c), and kLa (d). The fixed values for each case where (a) QG of 2 

SLPM, PO2 of 5  bar, and kLa of 7.06  ×  10−4  s−1; (b) TF
set of 433  K, PO2 of 5  bar, and kLa of 

7.06 × 10−4 s−1 (QG of 2 SLPM), 1.36 × 10−3 s−1 (QG of 5 SLPM), and 2.42 × 10−3 s−1 (QG of 10 
SLPM); (c) TF

set of 433 K, QG of 2 SLPM, and kLa of 7.06x10−4 s−1; (d) TF
set of 433 K, QG of 2 

SLPM, and PO2 of 5 bar. The total pressure was 10 bar for all simulations. (Reprinted from Araújo 
et al. (2009), Copyright (2009), with permission from Elsevier)
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Fig. 2.5  Simulation 
results for the vanillin 
concentration at the exit 
stream of the reactor using 
the selected set of 
operating conditions. 
(Reprinted from Araújo 
et al. (2009), Copyright 
(2009), with permission 
from Elsevier)

results show higher initial concentrations of lignin lead to higher vanillin yields. 
The authors found that 60 grams per liter of initial lignin concentration gave an 
optimum vanillin yield (Sridhar et al. 2005). What concerns the effect of tempera-
ture, it was observed that temperature inside the reactor is an important experimen-
tal condition that should be considered, since increasing the temperature, all the 
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reaction rates increase, and the solubility of oxygen in the liquid phase is reduced. 
Consequently, an accurate temperature should accomplish the trade-off between 
high vanillin conversion and small oxidation of vanillin but maintaining as high as 
possible the solubility of oxygen in the liquid phase.

The developed mathematical model showed to be a good tool for the selection of 
the operating parameters for lignin oxidation in SPBCR that enable to obtain the 
maximum vanillin yields, close to the values obtained in batch mode.

2.1.2.2  �Experiments of Oxidation of Hardwood Pulping Liquor 
and Lignins

There is few information available in the literature about lignin oxidation reaction 
in SPBCR. However, the research group led by Professor Rodrigues has been devel-
oping works in this area for some time.

One of the first experiments of lignin oxidation in continuous process was per-
formed with a kraft lignin Indulin AT supplied by Westvaco Co. The authors (Araújo 
2008) evaluated the performance of SPBCR configuration with five lignin oxidation 
experiments at different liquid and gas flow rates. The operating conditions used in 
these experiments are summarized in Table 2.5.
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Fig. 2.6  Effect of lignin concentration, effect of lignin molecular weight, and effect of reaction 
temperature on the yield of vanillin in a SPBCR. (Reprinted from Sridhar et al. (2005), Copyright 
(2005), with permission from Elsevier)
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For experiments 1 and 2, the steady state was achieved with a vanillin concentra-
tion in the exit stream of 0.22 and 0.20 g/l, respectively, which represents a conver-
sion of about 0.37% of the lignin mass into vanillin, a very low value of lignin 
conversion. Since the range of the gas flow rate used in these two experiments 
seemed to be insufficient, the authors decided to perform other experiment (exp. 3) 
with higher gas flow rate. The results showed an increase in vanillin concentration 
that reaches 0.43 g/l (0.72% of lignin mass conversion into vanillin). However, the 
yield obtained is still far from the values obtained in the batch reactor, and the 
authors decided to increase the liquid residence time, by lowering the liquid flow 
rate (exp. 4). Consequently, the maximum concentration obtained in this experiment 
was 0.73 g/l, which is a lignin mass conversion into vanillin of 1.22%. What con-
cerns the last experiment (exp. 5) the maximum lignin mass conversion obtained 
was 1.48%, which corresponds to a vanillin concentration of 0.89 g/l. these values 
represent an improvement comparatively to the previous experiment, but the liquid 
flow rate used is smaller. In the end of the study (Araújo 2008), it was concluded 
that at steady state, reached at approximately 6 h of operation, the highest concen-
tration of vanillin obtained from the SPBCR configuration was 0.89 g/L for exp. 5 
that corresponds to 40% vanillin yield from batch oxidation of the same type of 
lignin (Indulin AT Kraft lignin).

The research group continues to develop work in lignin oxidation in continuous 
mode with SPBCR using different lignin types and also pulping liquors.

2.2  �Separation Processes

2.2.1  �Membrane Separation of Phenolates 
from Depolymerized Lignin

A considerably research effort has been devoted to ultrafiltration of the black liquor 
mainly focused on lignin concentration or fractionation (Arkell et al. 2014; Evju 
1979; Jönsson et al. 2008; Toledano et al. 2010a, b; Uloth and Wearing 1988) in 
order to obtain more uniform molecular weight lignin fractions and benefit its con-
version into chemicals or materials.

Table 2.5  Operating conditions of the lignin oxidations performed in SPBCR (Araújo 2008)

CL (g/l) pH QL (l/h) QO2
a (mlNTP/min) QN2

a (mlNTP/min) P (bar)

exp. 1 60 14 4.20 250 375 10
exp. 2 60 14 4.22 100 150 10
exp. 3 60 14 4.70 1000 1000 10
exp. 4 60 14 2.12 1000 1000 10
exp. 5 60 14 0.99 1000 1000 10

aNTP: normal temperature (273 K) and pressure (1 atm). All the experiments were performed with 
a TF

set of 443 K
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Regarding the application of membrane separation to treat oxidized lignin solu-
tions, studies are more recent and restricted to the research studies summarized in 
Table 2.6. Oxidized lignin solutions are more complex than their respective solu-
tions of origin, containing a wider range of compounds and molecular weight distri-
butions. Depending on the lignin-based raw materials, it is expected that oxidized 
lignin solutions contain lignin oligomers, simple phenolic compounds (e.g., alde-
hydes, ketones, and acids), and other secondary products such as lactones, guaiacol, 
and syringol (Gierer 1986; Pinto et al. 2011; Wong et al. 2010b).

In membrane separation, the oligomers and other higher molecular weight com-
pounds will be retained by the membrane, while the low molecular weight com-
pounds will cross the membrane pores into the permeate stream. In this way, 
membrane separation studies performed with oxidized lignin streams are important 
in order to design an adequate industrial process to valorize both retentate and per-
meate streams generated.

The origin of the lignin and oxidation conditions will result in different solutions 
that could account for different fouling phenomena during membrane processing, 
affecting the performance of the separation process in a different way. Moreover, 
the performance of the separation system is intrinsically related with the chemistry 
of the membrane surface and solutes once it defines the type of solute-membrane 
and solute-solute interactions and thus, the type of fouling formed. The former will 
be responsible for fouling by adsorption of solute on the membrane surface (electro-
static attractions/repulsions), and the latter influences fouling caused by solute 
aggregation in solution and/or to molecules already adsorbed on the surface of the 
membrane.

Werhan et al. (2012) have applied nanofiltration (NF) membranes with molecular 
weight (MW) cutoffs ranging from 0.250 to 0.900 kDa to treat an oxidized Indulin 
AT reaction medium previously extracted with ethyl acetate. The authors managed 
to attain different rejections to dimers, trimers, and monomers (Table 2.6). The best 
separation system was for the 0.600 kDa membrane, the one showing the highest 
retention to dimers and trimers of 83% and 93%, respectively. However, this mem-
brane also retained the monomers in a higher extent (38%), which accounts for 
higher mass losses of the desired monomers in the permeate stream.

Regarding the membrane productivities observed, the 0.600 kDa was the one 
revealing the highest values, and thus the authors have considered that this mem-
brane was the most suitable because of the best overall performance in terms of 
rejection and flux values observed.
Žabková et al. (2007b) employed tubular ceramic membranes with MW cutoffs 

of 1, 5, and 15 kDa aiming the vanillate recovery from a synthetic lignin solution 
prepared with sodium hydroxide to simulate an alkaline oxidized lignin medium. 
This work was important to demonstrate the viability of treating this type of solu-
tions with ceramic membranes and understand the main phenomena influencing 
membrane performance.

The selection of the membranes is based on the strong physical chemical resis-
tance of the ceramic membranes, suitable for processing under strong alkaline solu-
tions and high temperatures, such as the solution coming out from the oxidative 
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reactor (pH values between 9–12 and temperature above 100 °C) (Pinto et al. 2011). 
Moreover, several studies have reported that membranes with an active layer of 
TiO2/Al2O3/ZrO2, similar to the ones employed by the authors, are suitable mem-
branes to treat alkaline lignin solutions once they have negative charges at high pH 
values (Almécija et al. 2007; Benfer et al. 2004; de la Rubia et al. 2006) and will 
favor electrostatic repulsing interactions between the membrane and the ionized 
solutes. It is expected that the membrane-solute interactions are minimized and will 
not contribute for flux decline during operation.

In the particular study case of Žabková et al. (2007b), employing lignin in alka-
line medium, it is expected to have ionized compounds in solution at a pH of opera-
tion (>10) (Dong et al. 1996; Sjöström 1993; Sundin 2000). These solutions contain 
depolymerized lignin and other low molecular weight compounds in their sodium 
salt form that are expected to be negatively charged at the operating pH. Dong et al. 
(1996) study showed that the isoelectric point for kraft lignin is 1.0 and, above this 
pH, the zeta potential is negative. Additionally, the acid dissociation constants, pKa, 
of the main low molecular weight compounds present are between 4.3 and 7.9 (Mota 
et al. 2016c) and thus, it is expected that these compounds have negative charge in 
strong alkaline solutions. In this study, the authors accomplished lignin retentions 
superior to 87% and practically no vanillin retentions (Table 2.6). The highest lignin 
retention coefficients of 97% were accomplished for the 1 and 5 kDa membranes.

The influence of pH was studied and demonstrated a different lignin retention 
behavior according to the membrane applied. For the 15 kDa membrane, the authors 
observed that the retention coefficient decreases with the pH increase, while for the 
1 kDa, it was observed the opposite. This different rejection behavior can be explained 
by the different lignin association mechanisms that are highly dependent on the 
molecular weight, concentration, pH, and ionic strength of the mixture. Moreover, it 
was also observed that permeate fluxes declined with pH increase explained by the 
hydrophobicity of membranes and solute molecules. This effect was more pro-
nounced for higher lignin concentration mixtures (Žabková et al. 2007b).

An unsteady-state model was applied to explain flux evolution with processing 
time considering the osmotic pressure and growth of deposited layer at the mem-
brane surface wall. The mathematical model applied confirmed that the growth of 
the rejected solute (lignin) on the membrane surface resulted from a progressive 
increase on the total resistance; the membrane wall concentration was directly asso-
ciated with bulk concentration, and the estimated wall lignin concentrations sug-
gested the formation of a gel layer for processing with the 5 and 15  kDa 
membranes.

The initial permeate flux was easily recovered after cleaning with 0.1 M NaOH 
solution, demonstrating that irreversible fouling is not predominant and membranes 
can be reused.

In a recent study, the membrane separation of an oxidized industrial kraft liquor 
from Eucalyptus was addressed (Mota 2017), continuing the previous work performed 
with model solutions (Žabková et al. 2007b). A three-stage membrane fractionation 
sequence was employed with ceramic ultrafiltration (UF) membranes of MW cutoffs 
50, 5, and 1 kDa. The different permeate and retentate streams were characterized 
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Table 2.6  Membrane separation processes applied aiming the recovery of phenolic monomers 
from lignin oxidized medium (Mota 2017; Werhan et al. 2012; Žabková et al. 2007b)

Type of solution
Membrane 
composition

MW 
cutoff 
(kDa) Operational conditions Rejections (%)

Ethyl acetate extract of 
oxidized Indulin AT

Cross-linked 
polyimide

0.280 Cfeed 5 g/L of lignin 
oxidation products; 
30 °C,
20 bar

8% monomers; 
77% dimers; 
87% trimers

Cross-linked 
polyimide

0.500 16% monomers; 
78% dimers; 
89% trimers

PDMS on 
PAN

0.600 38% monomers; 
83% dimers; 
93% trimers

Cross-linked 
polyimide

0.900 23% monomers; 
81% dimers; 
92% trimers

Synthetic mixture of 
vanillin and 
commercial lignin with 
60 k g/mol

TiO2 1 1.2 m/s; Cfeed 60/6 g L−1 
lignin/vanillin; pH 12.5; 
25 °C; 1.55 bar;

Lignin (97%);
vanillin (≈0)

1.3 m/s; Cfeed 60/6 g L−1 
lignin/vanillin; pH 8.5; 
25 °C; 1.55 bar;

Lignin (95%);
vanillin (≈0)

TiO2 5 1.2 m/s; Cfeed 60/5 g L−1 
lignin/vanillin; pH 12.5; 
25 °C; 1.55 bar

Lignin (97%);
vanillin (≈0)

Al2O3-TiO2 15 0.992 m/s; Cfeed 
60/6 g L−1 lignin/vanillin; 
pH 12.5; 25 °C; 1.55 bar

Lignin (87%);
vanillin (≈0)

0.992 m/s; Cfeed 
60/6 g L−1 lignin/vanillin; 
pH 8.5; 25 °C; 1.55 bar

Lignin (94%);
vanillin (≈0)

Oxidized Eucalyptus 
industrial kraft liquora

ZrO2 50 1.2 m/s and Cfeed with 
86.5 g/L of TS and 
2.40 g/L of TP; pH 10.1; 
25 °C; 1.4 bar

TS (25%)
TP (≈0)

TiO2 5 1.2 m/s and Cfeed with 
75.3 g/L of TS and 
2.38 g/L of TP; pH 10.1; 
25 °C; 1.4 bar

TS (29%)
TP (11.5%)

TiO2 1 1.2 m/s and Cfeed with 
64.0 g/L of TS and 
2.22 g/L of TP; pH 10.1; 
25 °C; 1.4 bar

TS (15%)
TP (9.0%)

PDMS polydimethylsiloxane, PAN polyacrylonitrile, TS total nonvolatile solids, TP total phenolate 
compounds quantified by HPLC-UV (p-hydroxybenzaldehyde, vanillin, syringaldehyde, vanillic 
acid, syringic acid, acetovanillone, and acetosyringone
asolution diluted 3x and enriched in some phenolic compounds, it corresponds to a fractionation 
sequence 50kDa→ 5 kDa→1kDa

2  Integrated Process for Vanillin and Syringaldehyde Production from Kraft Lignin



73

regarding the molecular weight by gel permeation chromatography (GPC), total non-
volatile solids, and total phenolate compounds quantified by HPLC-UV.

The 50 kDa membrane did not retain vanillate and any other lower molecular 
weight phenolates quantified. On the other hand, contrary to what was observed in 
Žabková et al. 2007 study (Žabková et al. 2007b), these low molecular weight com-
pounds were retained in the 5 and 1 kDa membrane stages, with retention coeffi-
cients of 11.5% and 9%, respectively. The observed rejection coefficients are 
explained by the greater complexity of the feed mixture employed by Mota et al. 
(2017) probably explained by different interactions of solutes with other molecules 
or with the membrane, generating different fouling mechanisms.

Moreover, total solid rejection coefficients observed were between 15% and 
29%. This trend is explained by the fact that the total solids quantified correspond 
to a measure of all compounds present in the depolymerized mixture ranging from 
the highest to the lowest molecular weight compounds present in the feed mixture. 
GPC helped in understanding the influence of each membrane stage in the MW 
profiles of retentate and permeate streams. The retentate streams got richer in the 
higher molecular weight compounds, while the permeate streams got more depleted.

Mota et al. (2017) study encompassed the analysis of the contribution of fouling 
on the membrane productivity observed by a resistance-in-series approach showing 
that the 1 kDa membrane was the one more affected by fouling. The reversible foul-
ing was the component more relevant in 1 and 50 kDa processing, while for the 
5 kDa, the irreversible fouling component had a somewhat higher contribution.

Cleaning efficiency was evaluated for each membrane stage employing 0.1 M 
NaOH solution and similarly to what was obtained by Žabková et  al. In 2007 
(Žabková et  al. 2007b) study, the initial flux was recovered, indicating that the 
ceramic membranes employed to treat the real lignin oxidized solution can be a 
viable solution to implement in an industrial scale.

2.2.2  �Ion-Exchange Process for Vanillin Recovery

Ion-exchange studies in the perspective of recovering phenolic compounds from 
alkaline oxidized lignin solutions have been developed employing mostly cationic 
ion-exchange resins (Fargues et al. 1996a; Forss et al. 1986; Logan 1965; Toppel 
1959; Žabková et al. 2007a). The main focus is on vanillin recovery from synthetic 
mixtures prepared in NaOH or alkaline oxidized lignin solutions.

The cation-exchange processes are applied to neutralize the compounds and, 
therefore, avoid the consumption of large amounts of acid that would be required in 
a direct acidification of the oxidized mixture. According to Forss et al. (1986), about 
60% of acid can be saved by replacing the acid neutralization step by ion-exchange 
processes. Nevertheless, previous separation (e.g., by ultrafiltration) of the poly-
meric/oligomeric lignin fragments is mandatory in order to avoid precipitation 
problems in the ion-exchange system.
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Toppel (1959) has patented the first ion-exchange process focused on vanillin 
adsorption enhancing the interaction between the carbonyl group of the vanillin 
molecule through the ammonia group previously introduced by charging the poly-
styrene sulfonic acid cation exchanger with hydroxylammonium chloride solution. 
The vanillin was recovered employing a 3 M hydrochloric acid solution.

Forss et al. (1986) reported the separation of sodium vanillate from lignosulfo-
nates, sodium hydroxide, and sodium carbonate employing several cation-
exchange resins. Water or sodium carbonate solutions were employed as eluting 
agents. The separation is accomplished due to the different elution orders and 
yields vanillin recoveries above 73%. Sodium carbonate solutions have influenced 
slightly the oxidized lignin elution order with the advantage of increasing the 
adsorption of the oxidized products. However, the elution volume needed is 
higher. In this process, lignin and sodium can be reintroduced in the processes of 
the pulp mill, while the enriched solution containing vanillin is neutralized with 
sulfuric acid employing less 78% of the acid solution needed to neutralize the 
oxidized spent sulfite liquor.

Logan (1965) studied two weak cation-exchange resins Amberlite IRC-50 and 
Duolite C63 with carboxylic and phosphoric acid exchange centers, respectively. The 
main focus was the sodium recovery from an alkaline oxidized lignin medium in 
order to be reused later. In this process, sodium vanillate and other phenolates present 
in the alkaline oxidized lignin medium are converted into their protonated form.

Fargues et al. (1996a) and Žabková et al. (2007a) have demonstrated the possibil-
ity of employing the strong acid cationic exchange resins Duolite C20 and Amberlite 
IRA120H, respectively, to recover vanillin in its sodium form from synthetic 
mixtures. The counter ions employed were different, Na+ and H+ for the first and 
second resins, respectively.
Žabková et al. (2007a) have develop a mathematical model to explain the ion-

exchange process proposed with simultaneous neutralization. The effect of the feed 
solution pH was also evaluated ranging from 8.2 to 12.1 where it was observed that 
the higher the pH of the feed solution, the lower was the breakthrough time of vanil-
late. The expected rectangular behavior of the isotherm in the ion-exchange process 
is affected in the presence of a vanillin/vanillate buffer system.

Anion-exchange resins have been applied by Stecker et al. (2014) and Schmitt 
et  al. (2015) to treat an electrochemically oxidized lignin medium in order to 
recover vanillin and other oxidation products produced. The ion-exchange pro-
cesses suggested have the advantage of being used in process intensification since 
it can be performed simultaneously with the electrochemical oxidation reaction. 
The oxidation products can be eluted employing 2% hydrochloric acid in metha-
nol or ethyl acetate: acetic acid (80:20, v/v). It is important to note that when 
employing complex mixtures such as the case of real oxidized lignin solutions, 
further purification methods are needed in order to obtain purified fractions of 
vanillin or any other phenolic compound present (e.g., Sy, acetovanillone, guaia-
col, vanillic acid).
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2.2.3  �Adsorption and Desorption of Vanillin 
and Syringaldehyde onto Polymeric Resins

Adsorption studies aiming the recovery of typical phenolic monomers found in lig-
nin oxidized media have been performed with several polymeric resins employing 
either synthetic model solutions (Huang et  al. 2013; Jin and Huang 2013; Mota 
et al. 2016a; Samah et al. 2013; Xiao et al. 2009; Žabková et al. 2006; Zhang et al. 
2008) or real complex oxidized lignin solutions (Gomes et al. 2018; Mota 2017; 
Wang et al. 2010).These studies have demonstrated the suitability of this type of 
resins to recover the desired monomers with great adsorptive capacities. Satisfactory 
mathematical models to describe adsorption of vanillin, syringaldehyde, and respec-
tive acids have been developed (Mota et al. 2016a; Žabková et al. 2006). Moreover, 
the application of this type of resins to continuously recover produced vanillin from 
fermentation broths has also been successfully demonstrated (Hua et  al. 2007; 
Nilvebrant et al. 2001; Stentelaire et al. 2000; Wang et al. 2005; Zhao et al. 2006). 
Table 2.7 summarized the main studies encompassing synthetic mixtures prepared 
in aqueous media mostly referring to vanillin. It is important to note that literature 
studies refer to specific experimental conditions and comparison of the maximum 
adsorption capacities listed should be done carefully. Among the literature data, the 
highest adsorption capacities obtained for vanillin refer to the resins SP700 and 
XAD16N of 663 and 587  mg  g−1

dry resin, respectively. Vanillic and syringic acid 
adsorption studies onto SP700 resin have shown that the phenolic acids are adsorbed 
in a lesser extent than their respective aldehydes.

Many of the studies employing synthetic mixtures encompass the desorption of 
the phenolic compounds by different eluents. Mota et al. (2016a) have shown that 
about 83–85% of vanillin or syringaldehyde can be desorbed with water; however, 
considerable bed volumes of water are employed resulting in very diluted final 
solutions, and therefore, developing an industrial process employing water must be 
carefully evaluated and will depend on the next purification steps.

On the other hand, organic solvents could be more attractive as eluting agents 
since they can readily recover the phenolic compounds adsorbed while simultane-
ously concentrating the solution (Mota 2017; Mota et al. 2016b; Wang et al. 2005, 
2010; Xiao et  al. 2009). This behavior is explained by the Hildebrand solubility 
parameter (Hildebrand and Scott 1950) of “like likes like”; the phenolic solutes hav-
ing higher solubility in organic solvents than water will be preferably adsorbed 
when dissolved in water and desorbed with organic solvent eluents.

Desorption studies have shown that ethanol and ethanol aqueous solutions above 
40%v/v can recover more than 70% of the adsorbed compounds and that adding 
small amounts of acid does not enhance the desorption (Mota et al. 2016b; Xiao 
et al. 2009). Additionally, it was demonstrated that about 83% of vanillin, syringal-
dehyde, or respective acids can be readily eluted with very few bed volumes of etha-
nol/water 90:10%v/v solution achieving simultaneously a high level of concentration 
(Mota 2017; Mota et al. 2016b). In accordance, Zhou and Wang (Zhou and Wang 
2008) accomplished full vanillin recovery with 4.6 bed volumes of absolute ethanol. 
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This constitutes a great advantage considering a next processing step of purification 
(e.g., crystallization or spray drying) since less volume needs to be treated and etha-
nol is easily removed.

When employing real solutions, it is expected changes in the adsorptive behavior 
of the polymeric resins since several compounds present in solution will compete 
for the same adsorption sites of the resin. In order to understand the behavior of the 
polymeric resins to adsorb vanillin and the other phenolic compounds of interest in 
the presence of real and complex oxidized lignin media, it has been increasing the 
number of studies with real oxidized lignin feed solutions (Gomes et al. 2018; Mota 
2017; Wang et al. 2010; Wu et al. 2003). Some of the studies are listed in Table 2.8. 

Table 2.7  Maximum adsorption capacities of typical phenolic compounds (PC) present in 
oxidized lignin reaction media employing polymeric resins and monocomponent synthetic 
mixtures

Resin

Conditions Adsorption 
capacity 
(mg g−1) RefT (K) pH

Cemax 
(mg L−1)

V SP206a 293–
333

5.3 53 115 Žabková et al. 
(2006)

SP206b 293 6.5 91 ≈ 91–106 Žabková et al. 
(2006)

H103a 293 6.0 400–700 416 Zhang et al. 
(2008)

H103a 293–
328

– 30 73 Samah et al. 
(2013)

HJ-J08a 300–
320

– 450 338,358 Jin and Huang 
(2013)

Polydivinylbenzene/
polyacrylethylenediamine 
interpenetrating polymer networksa

293–
308

– – 73–103 Xiao et al. 
(2009)

SP700a 283–
313

300–500 663 Mota et al. 
(2016a)

XAD16Na 283–
313

450–500 587 Mota et al. 
(2016a)

Sy SP700a 288–
313

150–400 707 Mota et al. 
(2016a)

XAD16Na 288–
313

200–300 730 Mota et al. 
(2016a)

VA SP700a 288–
313

150–200 450 Mota (2017)

SA SP700a 288–
313

70 423 Mota (2017)

Hy Resorcinol-modified 
poly(styrene-co-divinylbenzene)a

298 – 500 246–282 Huang et al. 
(2013)

Vanillin (V), syringaldehyde (Sy), vanillic acid (VA), syringic acid (SA), p-hydroxybenzaldehyde (Hy)
awater medium
bNaOH/water medium
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Wang et al. (2010) were successful in demonstrating the recovery of vanillin and 
syringaldehyde from an oxygen delignification liquor employing the polymeric 
resin D101. Desorption studies with ethyl ether managed to recover almost all 
adsorbed vanillin and syringaldehyde (94–96%) with 1.3 bed volumes achieving a 
final solution containing 37.5% vanillin, 31.9% syringaldehyde, and 30.6% of other 
compounds (mainly acetosyringone).

A recent study deals with loading a real oxidized industrial Eucalyptus kraft 
liquor solution onto the SP700 resin (Mota 2017). The oxidized solution was previ-
ously submitted to a membrane fractionation sequence with 50, 5, and 1 kDa mem-
branes and correction of the pH value to 7.5–8 with H2SO4 in order to convert the 
ionized phenolic compounds into their neutral state, thus favoring their adsorption 
onto the polymeric resin.

The complete saturation of the bed was performed with the final permeate stream 
obtained from the membrane fractionation sequence and the maximum adsorption 
capacities for several monomers assessed, being summarized in Table 2.8. As expected, 
the adsorption capacities were smaller than the ones determined from the monocom-
ponent studies performed with synthetic solutions due to competition of several phe-
nolic monomers and other compounds present for the adsorption sites of the resin. In 
this study, the authors have observed that the vanillic and syringic acids are practically 
not adsorbed at the studied pH value, explained by their lower pKa value around 4.3–
4.4 (Ragnar et  al. 2000). About 83% of vanillin, syringaldehyde, and respective 
ketones were recovered with ethanol:water 90:10%v/v solution. Starting with a feed 
solution containing 0.83 g/L of vanillin and syringaldehyde, a final enriched solution 
with 5.31 g/L was obtained after desorption with aqueous ethanol.

In the same study, the capacity of the resin to be regenerated and reused was also 
assessed employing the permeates obtained from 5 to 1 kDa membrane stages. It 
was demonstrated that SP700 resin can be reutilized up to 4–5 cycles of adsorption/
desorption without losing performance in adsorption of the phenolic compounds of 
interest, constituting a key factor for developing a sustainable industrial adsorption 

Table 2.8  Adsorption capacities of phenolic compounds in oxidized lignin reaction media 
employing polymeric resins and real oxidized mixtures (Mota 2017; Wang et al. 2010)

Medium Resin
Target 
compounds

Conditions
Adsorption 
capacity (mg g−1)

T 
(K) pH

Ce 
(mg L−1)

Oxidized IKL previously 
submitted to UF

SP700 V 298 ≈ 
7

44 79.7
Sy 39 67.3
VA 43 9.2
SA 48 5.4
VO 13 30.9
SO 24 55.7

Oxygen delignification 
liquor

D101 V and Sy 290 4.5 6.1–7.3 4.1–4.9

Vanillin (V), syringaldehyde (Sy), vanillic acid (VA), syringic acid (SA), acetovanillone (VO), and 
acetosyringone (SO)
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step. Each cycle encompassed a first stage with 10 min of adsorption (not achieving 
saturation of the bed and, thus, avoiding losing vanillin and syringaldehyde at col-
umn outlet), a washing step with water for 1 min, a desorption step with aqueous 
ethanol for 4 min, and regeneration step with water for 30 min (Mota 2017).

Several studies have demonstrated that the pH value is an important parameter to 
take into consideration when employing polymeric resins and of the importance of 
knowing the acid dissociation constant of the target compounds (Gomes et al. 2018; 
Wang et al. 2010; Žabková et al. 2006). Generally, it is expected that the adsorptive 
capacity of the polymeric resins for phenolic compounds decreases with the pH 
value increase due to the fact that the ionized compound fraction becomes more 
relevant and is not adsorbed.

Aiming to understand the effect of the sodium hydroxide in vanillin adsorption 
from alkaline oxidized solution, Žabková et al. (2006) prepared synthetic mixtures 
of vanillin in different concentrations of sodium hydroxide solutions and concluded 
that the adsorption capacity is negatively affected by the sodium hydroxide or, in 
other words, by the increase of pH value from 6.5 to 9.5 due to the fact that with the 
increasing pH value, most of the vanillin is in vanillate form and is not adsorbed.

Wang et al. (2010) also demonstrated that increasing the pH value of an oxygen 
delignification liquor from 4.5 to 6.5, vanillin and syringaldehyde adsorption capac-
ity onto D101 resin decreases.

Typical phenolic compounds present in oxidized media have different acid dis-
sociation constants (pKa), and therefore the separation among aldehydes, acids, and 
ketones can be somewhat tuned by the pH of the feed solution due to acid dissocia-
tion constant differences. Mota et al. (2017) have shown that loading onto SP700 
resin, an oxidized industrial kraft liquor containing several families of compounds 
at pH 7, the vanillic and syringic acids are practically not adsorbed onto the resin, 
and separation from these acids and the respective ketones (acetovanillone and ace-
tosyringone) and aldehydes (vanillin and syringaldehyde) can be accomplished.

Gomes et al. (2018) have shown that tuning the pH of the oxidized lignin feed 
solution and sequential elution with water and absolute ethanol can make possible 
the separation between families of phenolic compounds present in solution: alde-
hydes (vanillin and syringaldehyde), acids (vanillic and syringic acids), and ketones 
(acetovanillone and acetosyringone). This process can simplify the current labori-
ous separation and purification of oxidized lignin medium solutions employing sev-
eral liquid-liquid extractions with harmful solvents and precipitation (Mota et al. 
2016c). The choice of the operational pH value will depend on the final applications 
and purification processes to be applied.

The authors loaded an oxidized organosolv lignin from tobacco stalks previously 
ultrafiltrated with a 5 kDa MW cutoff membrane at different pH values ranging 
from 9 to 12. At these pH ranges, the phenolic acids are not adsorbed and can be 
collected at the outlet of the column during feeding step. The aldehydes and ketones 
are collected during desorption steps with water and absolute ethanol, respectively. 
According to the feeding pH value, different amounts of vanillin, syringaldehyde, 
acetovanillone, and acetosyringone are desorbed in the aqueous and ethanol phases. 
Generally, increasing the pH value of the feed solution, the amount of aldehydes and 
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ketones recovered in the aqueous phase increases but at different desorption rates: 
for pH values above 10, more than 80% of the aldehydes and 30–50% of the ketones 
are recovered.

On the contrary, the amounts of aldehydes and ketones recovered in the ethanol 
eluting step decrease with pH increase. However, similar to that observed during 
elution with water, different amounts of aldehydes and ketones are recovered: the 
amount of the aldehydes recovered for pH above 10 is less than 10%, and about 
30% and 60% of the ketones are recovered.

Concluding, the feeding pH value should be selected according to the goal to be 
achieved: maximum purity degree, maximum amount of mass recovered, or further 
purification step to be applied.

2.3  �The Integrated Process for Complete Lignin Valorization 
into Phenolic Compounds and Polyurethanes

The integrated oxidation and separation process for lignin valorization in pulp and 
paper streams was proposed by Borges da Silva et al. (2009) and joins two distinct 
lignin valorization routes: a first one encompassing the chemical breakdown of the 
three- dimensional network structure of lignin to obtain value-added phenolic 
monomers and a second one, completely opposite to the first one, which takes 
advantage of the lignin functionalities and considers the production of more com-
plex matrices and bio-based polymers. In Fig. 2.7, it presented the flow sheet of the 
integrated process suggested. This proposal is based on the extensive research and 
know-how of the Laboratory of Separation and Reaction Engineering (LSRE) team 
concerning the lignin oxidation studies (batch and continuous systems) (Araújo 
et al. 2009; Fargues et al. 1996a; b; Mathias et al. 1995b; Mathias and Rodrigues 
1995), the separation studies by ultrafiltration (Žabková et al. 2007b) and chroma-
tography processes (Zabka et  al. 2006; Žabková et  al. 2007a, b; Žabková et  al. 
2006), and the studies regarding lignin-based polymers synthesis (Cateto et  al. 
2008). The different approaches have been detailed above including the recent 
research developments of the LSRE group that also support the integrated process 
suggested.

In the integrated process, the black liquor is initially processed in order to isolate 
lignin by known methods (e.g., Lignoboost, acid precipitation, or ultrafiltration). 
The purified lignin is oxidized in alkaline conditions with O2 (Araújo 2008). The 
complex mixture containing the phenolate monomers and fragmented lignin is sub-
ject to UF where the high MW lignin fragments are retained (retentate stream) while 
the phenolate monomers and other low MW compounds go to the permeate stream 
(Žabková et al. 2007b).

The permeate stream is loaded into a column packed with an H+ form resin, and 
simultaneous neutralization and reaction occur, where vanillate and other phenolate 
species are converted to vanillin and phenolics in their protonated form (Žabková 
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et al. 2007a). The ultrafiltration step is important to avoid precipitation problems in 
this step, and therefore, the MW cutoff of the membrane separation system should 
be carefully selected.

The ion-exchange process is a good alternative to the currently available meth-
ods, the direct neutralization employing acids (Hilbbert and Tomlinson 1937) for 
posterior liquid-liquid extraction with benzene or toluene or the direct liquid-liquid 
extraction with butyl or isopropyl alcohol (Bryan 1955; Sandborn et al. 1936). The 
first methodology has the disadvantage of consuming large amounts of acid to pre-
cipitate lignin, and in the process, the oxidation products are also dragged with lig-
nin. The second process is limited by the lower extraction yield due to low solubility 
of the oxidation products in the alcohol. Moreover, both conventional processes 
employ harmful organic solvents.

The retentate stream can be either employed to supply energy to the process or 
produce lignin-based PU products (Cateto et al. 2008) such as rigid foams, elasto-
mers, or sealants.

This integrated process designed emerges as the required key piece for the sus-
tainable production of value-added compounds and material from lignin. It has the 
clear advantage of avoiding the often laborious separation and purification pro-
cesses encompassing several extraction and precipitation steps with harmful sol-
vents to obtain the phenolic monomers that have already been summarized by Mota 

Fig. 2.7  Flow sheet of the integrated process in an industrial unit for valorization of process 
streams from lignocellulosic-based biorefineries
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et al. (2016c). Moreover, two distinct valorization routes of lignin are joined in an 
integrated process being very attractable in a point of view of developing sustain-
able lignocellulosic biorefineries since more value can be made out of the same 
biomass.
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Chapter 3
Polyurethanes from Recovered 
and Depolymerized Lignins

Abstract  This chapter discusses lignin potential as a raw material for polyurethane 
synthesis having in view the valorization of a coproduct generated by the pulp and 
paper industry, bioethanol production, and other biorefinery processes. It addresses 
the use of lignin as such, i.e., without chemical modification, and the use of lignin 
after chemical modification. The later encompasses the description of some lique-
faction processes and oxypropylation. The advantages of using depolymerized lig-
nins in the context of polyurethanes will be also addressed. Different lignin-based 
polyurethane systems, e.g., rigid polyurethane foams, flexible polyurethane foams, 
lignin-based composites, and thermoplastic polyurethanes, obtained from different 
lignin forms (lignin as such, lignin-based polyols, depolymerized and fractionated 
lignins) will be presented. Face to the actual context, lignin is consolidating its role 
in the field of polymeric materials with some successful applications. The market is 
expected to benefit from major industrial manufacturers investments in R&D, such 
as in the development of improved technologies for lignin extraction and develop-
ment of new products and applications. A crucial point is to achieve standardized 
raw lignins for industrial use.

Keyword  Polyurethanes · Polyols · Lignin liquefaction · Oxypropylation of lignin 
· Rigid poliurthane foams

3.1  �Overview of Strategies and Opportunities

There has been a long standing in industry saying that “One can make everything 
from lignin, except money” (Ragauskas et al. 2014). This situation leads to continu-
ous research efforts to valorize lignin, and presently, different approaches to gener-
ate value-added products from this renewable raw material can be found (Cateto 
2008; Duval and Lawoko 2014; Gandini 2011; Gandini and Lacerda 2015; Lange 
2007; Matsushita 2015; Silva et al. 2009). The role of lignin as a renewable source, 
and the associated technical barriers for its utilization, was systematized, some 
years ago, in a report from the Department of Energy of the United States of America 
(Holladay et al. 2007). This report categorized the opportunities for lignin-derived 
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products in near-term (current uses and those viable within 3–10 years), medium-
term (5 to perhaps 20 years), and long-term opportunities (more than 10 years and 
requiring significant knowledge investment and technology development). In fact, 
the complex macromolecular structure of lignin encompasses a wide range of 
possibilities with different high-value products able to be generated. Generally 
speaking, these products fall into three main categories: power/fuel, macromole-
cules, and aromatics (Luo and Abu-Omar 2017).

Current commercial uses of lignin take advantage of lignin’s polymeric structure 
and polyelectrolyte properties. According to a recent market study, the global lignin 
market value was estimated in 2015 at $732.7 million, with Europe dominating the 
sharing (Grandviewreport 2017). The increasing demand of lignin for binders, 
adhesives, and concrete admixtures is expected to raise the market growth over the 
2014–2025 period. In addition, the growing demand for dust control systems due to 
air pollution intensification and the successful use of lignin as concrete additive are 
likely to emerge as the major growth factors over the next years. Also, REACH 
(Registration, Evaluation, Authorization and Restriction of Chemicals) regulations, 
which aimed at restrict transportation of synthetically derived chemicals, are 
expected to push lignin market over the coming years.

The development of renewable lignin-based polymers is primarily driven by the 
need to reduce the dependency from fossil fuel derivatives raw material feedstocks. 
In the last decades, the exploitation of lignin-based monomers for polymer synthe-
sis has attracted a major attention, owing to lignin’s low cost, easy availability, 
renewability, and unique properties. Factors like petroleum market instability, 
increase global warming emissions, and the need to reduce energy demand drive the 
need to find alternatives to petrochemical-based sources. And so, the traditional raw 
materials are becoming partially substituted by biomass-based counterparts, namely, 
lignin-based alternatives, but still needing investment toward the development of 
economically feasible manufacturing processes. A strong global industrial and aca-
demic trend is to look for greener solutions in the field of polyols production, main-
taining their properties and quality and thus impact in a series of derived polymeric 
materials (e.g., polyurethanes and polyesters). The market is expected to benefit 
from major industrial manufacturers investments in R&D, such as in the develop-
ment of improved technologies for lignin extraction and in the development of new 
products and applications (Grandviewreport 2017).

Currently, the main lignin applications are dispersants, emulsifiers, binders, and 
sequestrants corresponding to nearly three-quarters of the available commercial lig-
nin products. Generally, for these applications, lignin suffers little (most often sul-
fonation or hydroxymethylation) or no chemical modification; they represent 
relatively low value and limited volume growth applications. On the other hand, the 
use of lignin as a macromonomer in polymer synthesis requires fundamental under-
standing of lignin reactivity and its relation with raw material sources and isolation 
processes, to which is important to achieve standardized products for industry. This 
knowledge is crucial leading to the development of appropriate technologies for 
modification, control chemical reactivity, including copolymerization, and compat-
ibility with other monomers and polymers (Holladay et al. 2007). Fortunately, it is 
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becoming clear that lignin is a suitable material for the production of enhanced 
composites, carbon fibers, polyurethanes, polyethers, polyesters, and phenolic 
resins, with adding environmental benefits. Furthermore, other lignin-based prod-
ucts such as adsorbents, flocculants, adhesives, antioxidants, energy-storing films, 
and vehicles for drug delivery and gene therapy can be obtained (Norgren and 
Edlund 2014; Ten and Vermerris 2015).

The main difficulties associated with the development of lignin-containing 
polymeric materials can be described according to the following points: (i) hetero-
geneity of the commercially available technical lignins; (ii) variability of the 
hydroxyl groups in what concerns content, type, and proportion of aliphatic/aro-
matic; (iii) differences in molecular weight, which are dependent on the used bio-
mass processing technology; (iv) poor solubility in organic solvents; and (v) limited 
accessibility to reactive sites for isocyanate reaction due to steric hindrance 
(Chauhan et al. 2014; Matsushita 2015; Upton and Kasko 2016).

In what concerns the use of lignin in polyurethane synthesis, two general 
approaches can be followed: (1) the direct use of lignin, i.e., without any prelimi-
nary chemical modification, alone, or in combination with other polyols, including 
bio-based polyols, or (2) the use of chemically modified lignin, by making hydroxyl 
functions more readily available, e.g., through esterification and etherification reac-
tions. An overview of synthetic routes is presented schematically in Fig. 3.1.

Fig. 3.1  Synthetic routes for lignin incorporation in polyurethane materials: (1) direct use, (2) 
synthesis of liquid polyol, (3) synthesis of rigid polyurethane foams using lignin-based polyols, (4) 
synthesis of polyurethane elastomers using lignin-based polyols, and (5) synthesis of rigid poly-
urethane foams using lignin as reactive filler. (Reprinted from Silva et al. (2009) from kraft lignin, 
1276–1292, Copyright (2009), with permission from Elsevier)
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The synthetic routes presented comprises the following strategies: (1) shows 
lignin direct use as macromonomer in polyurethane elastomers; (2) followed by (3) 
illustrates lignin liquefaction by chemical modification and subsequent use in rigid 
polyurethane (RPU) foams; (2) followed by (4) illustrates the preparation of an 
intermediate lignin-based polyol and its subsequent incorporation into polyurethane 
elastomers, and (5) corresponds to the direct use of lignin as a reactive filler in 
polyurethane foam chemical systems (Silva et al. 2009).

3.2  �Lignin Use as Such

Due to the presence of both aliphatic and aromatic hydroxyls on its structure, which 
can act as reactive sites for isocyanate conversion, lignin can assume a direct role of 
a comonomer in polyurethane synthesis. However, the use of these strategies often 
result in rigid and brittle materials and give rise to the incorporation of modest lig-
nin quantities. Lignin molecules are stiff polyhydroxyl macromolecules, thus gen-
erating highly crosslinked three-dimensional polyurethanes after reacting. Also, 
lignin alone can be either too unreactive or too insoluble, to ensure its homogeneous 
incorporation in the reactive mixture. To surpass these constraints, lignin is often 
combined with a polyol that can act as a solvent for lignin and provide flexibility to 
the final products (e.g., in the case of polyurethane elastomers).

In this context, this topic will cover two main polymeric applications where lig-
nin is used directly: the use of lignin as reactive filler in polyurethane foams and the 
use of lignin as a comonomer in the synthesis of polyurethane elastomers. Lignin, 
combined with different polyols (petroleum- and natural-derived polyols), was 
tested. In a general way, foams with increased mechanical properties and thermal 
resistance were obtained. In a different perspective, lignin used as an additive to 
enhance biodegradability of thermoplastic polyurethanes will be also presented. 
Through this strategy, the filler (lignin) is dispersed into the polymeric matrix by 
compounding, giving rise to preferential sites for microorganism’s attack, thus 
favoring biodegradation initiation and progression.

3.2.1  �Reactive Filler in Polyurethane Foams.

Rigid polyurethane (RPU) foams are materials with low density, low thermal con-
ductivity, and low moisture permeability properties, along with a high strength to 
weight ratio performance attributes. These properties have made RPU foams one of 
the most used polymeric foam materials on a global basis. Raw lignin, without any 
chemical modification, has been directly incorporated into RPU foam formulations 
to improve, or enhance, properties (Kai et al. 2016). In this context, several studies 
were performed in order to analyze the use of different lignins as reactive fillers in 
RPU foams. Also, several applications were envisaged, from the typical insulating 
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materials to materials for dyes and crude oil sorption. In addition to RPU foams, 
some examples of lignin use in flexible polyurethane formulations will be also 
described.

Sodium lignosulfonate (SL) was studied in the synthesis of RPU foams com-
bined with molasses (M) using different SL/M weight ratios (100/0, 80/20, 60/40, 
40/60, 20/80, and 0/100; w/w). Foams, produced at various isocyanate/hydroxyl 
(NCO/OH) molar ratios, were evaluated concerning thermal properties by differen-
tial scanning calorimetry (DSC), thermogravimetric analysis (TGA), and thermal 
conductivity. Glass transition temperature (Tg) was dependent on the used NCO/
OH molar ratio and varied between 80 and 120 °C, whereas thermal decomposition 
temperature (Td) was in the range 280–295 °C. Tg and Td were scarcely affected by 
the used SL/M ratio. Thermal conductivity of the produced foams was in the range 
from 0.030 to 0.040 Wm−1 K−1, being dependent on the used SL/M ratio (Hatakeyama 
et al. 2008). In another study of the group (Hatakeyama et al. 2013), sodium ligno-
sulfonate (NaLS)-based RPU foams were prepared using different kinds of glycols 
(ethylene glycol, diethylene glycol, triethylene glycol, or polyethylene glycol). Two 
types of industrial NaLS, acid-based and alkaline-based, were selected and mixed at 
different ratios with the glycols (0–16%, w/w). In terms of reactivity, it was observed 
that reaction time increased as the acid-based NaLS content in polyols increased 
and that apparent density, compression strength, and compression modulus of the 
RPU foams linearly increased with the reaction time. Glass transition temperature, 
measured by DSC, can be modulated in the temperature range of 310–390 K by 
changing polyol composition (acid-based/alkaline-based NaLS ratio and overall 
content and type of glycol).

Lignin derived from a bioethanol process was studied as a reactive filler to pro-
duce soy-based RPU foams. The chemical system comprised soybean oil-derived 
polyol, a petrochemical polyol (Jeffol A-630), and poly(diphenylmethane diisocya-
nate) (pMDI). The RPU foams were produced in free-rise mode using water as the 
blowing agent and lignin at contents of 0, 5, 10, and 15%. As the lignin content 
increased, the overall cell structure becomes more uniform, even cell walls became 
thinner and the number of damaged cells increased. The presence of lignin was also 
ascribed as influencing the cell nucleation process. Additionally, density increased 
as a result of lignin content increment, as well as mechanical properties (compres-
sive strength, compressive modulus, flexural strength, and impact strength), up to 
10%. For the assay with 15%, a decrease on mechanical properties was observed. 
Tg and storage modulus increased over the values observed for the reference foam 
(sample without lignin), and thermal stability increased with lignin content. 
Dynamic mechanical analysis (DMA) corroborated the increased mechanical prop-
erties and thermal stability of the lignin-based RPU foams (Luo et al. 2013).

Wheat straw lignin is being the focus of different works. These include the exam-
ples of the work of Paberza et al. (2014) and the work of Li et al. (2017b). In the 
work of Paberza et al. (2014), the production of RPU foams from tall oil polyol and 
an organosolv wheat straw lignin, added at contents ranging from 0% to 6.3% 
(w/w), gives rise to RPU foams with an apparent density of 45–60 kg/m3. The use 
of lignin, combined with the bio-based polyol, increased the renewable content of 
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the final foam up to 23.6% (w/w). The maximum value of compressive strength 
(0.35 MPa) was reached for RPU foams prepared with a lignin content of 1.2% 
(w/w). The produced materials were found adequate for thermal insulation applica-
tions. In the work of Li et  al. (2017b), wheat straw lignin was used at contents 
between 0% and 2.5% (w/w, polyol basis) envisaging the production of oily sol-
vents adsorption materials. The obtained results showed that physical properties 
improved with crosslinking density and the process of adsorption was in accordance 
with the quasi-second-order kinetic model.

Considering the last envisaged application, RPU foams for crude oil sorption, in 
the work of Santos et al. (2017), foams were prepared using lignin at contents of 
0–20% (w/w), resulting in a decrease of hydrophobicity as the lignin content 
increase. Thus, all produced foams showed an improvement in the oil sorption 
capacity, e.g., the RPU foam prepared with 10% lignin (RPU10) showed an improve-
ment of about 35.5% comparatively with the bank sample (RPU without lignin). 
Langmuir isotherms fitted well experimental data and predicted a maximum oil 
adsorption of 28.9 g/g in tests using the sample RPU10.

Organosolv and kraft lignins were used by Pan and Saddler (2013) to replace a 
petroleum-based polyol at contents ranging from 12% to 36% (w/w) for organosolv 
lignin and 9–28% (w/w) for kraft lignin. Lignin was able to chemically link to the 
polymer network, beyond being physically trapped in the final materials. The lignin-
containing foams had comparable structure and strength up to 25–30% (w/w) 
for organosolv lignin-based foams and up to 19–23% (w/w) for kraft-based foams. 
The results indicated that organosolv lignins, which can be used at higher contents, 
give rise to materials with better performance, the fact associated with its superior 
miscibility. Chain extenders, such as butanediol, were also tested as comonomers, 
improving the strength of lignin-containing RPU foams.

Kraft lignins were also evaluated in the production of semirigid PU foams com-
bined with bio-based polyols and biomass industrial wastes (Carriço et al. 2016). 
The foams were synthesized from physical mixtures comprising lignin, castor oil, 
and residual glycerol. Lignin content increase (10–40% (w/w)) resulted in density 
rise and thermal stability decrease. The foam synthesized with 17.5% lignin pre-
sented the best dimensional stability and thermal properties, together with higher 
cell homogeneity. This formulation was studied concerning the effect of castor oil 
content (relative to glycerol), NCO/OH molar ratio, and type of blowing agent. The 
increment on castor oil content, as well as the increment on the NCO/OH molar 
ratio, gives rise to foams with higher density and compressive strength, the fact 
associated with the strengthening of the crosslinking density. Comparatively with 
water (chemical blowing agent), physical agents (cyclopentane and n-pentane) orig-
inated foams with higher densities and lower compressive strengths. In conclusion, 
green PU foams with good properties and industrial interest were produced from 
residual wastes (glycerol and lignin) and castor oil, a bio-based polyol.

Pine needles, considered as an important and abundant bio-waste, were used to 
extract lignin that was further used in the synthesis of RPU foams to be employed 
as adsorbent for dyes (Kumari et  al. 2016). The results demonstrated that the 
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produced RPU foams were efficient in the removal of cationic dyes (e.g., malachite 
green from aqueous solutions) becoming less effective with the anionic ones. The 
adsorption kinetics and isotherms fitted well the pseudo-second-order model and 
Langmuir adsorption isotherm, respectively, with a maximum adsorption capacity 
of 80 mg/g. In addition, lignin-based RPU foams were reusable, having a cumula-
tive adsorption capacity of 1.33 g/g after 20 regeneration cycles. In a different work, 
lignin-based RPU foams were reinforced with different weight ratios of pulp fiber 
(1, 2, and 5%). Morphological analysis showed the presence of inhomogeneous, 
irregular, and large-size cells, being significantly influenced by lignin and pulp fiber 
contents. Furthermore, this modification resulted in materials with decreased densi-
ties. As the lignin content increased, compressive strength decreased, and no benefi-
cial effect derived from the adding of pulp fiber was observed. TGA results 
evidenced the formation of a high carbonaceous residue associated with lignin pres-
ence, while the incorporation of pulp fiber slightly improved the thermal stability of 
the lignin-based RPU foams.

Considering lignin use in flexible PU foam formulations, Jeong et  al. (2013) 
studied the production of water-blowing flexible PU foams using softwood kraft 
lignin combined with polyethylene glycol of different molecular weights and 
2,4-toluene diisocyanate (TDI). The contribution to the overall viscoelastic proper-
ties of the filler-like behavior surpassed lignin crosslinking effect; the resultant vis-
cometric properties increased, as the lignin content increased. The produced 
materials were considered suitable for cushioning use. Moreover, the cyclic com-
pressive tests evidenced a better shape recovery performance for the produced 
foams with high density. In a different work, Fernandes et al. (2014) studied the 
production of flexible polyurethane foams modified with lignin-based fillers for 
active footwear insoles. The objective was to improve properties such as resistance 
to fatigue and cushioning. With this purpose, the effect of using lignin as bio-based 
filler was tested with a flexible PU foam base formulation. The effect on maximum 
deceleration and energy return was studied. Foams were prepared at laboratorial 
scale by using the closed mold synthesis in order to control density. Lignin contents 
of 1 and 2% (w/w) were tested. Properties, namely, maximum deceleration and 
energy return, were measured according to the impact absorption drop test adopted 
by the Portuguese Footwear Technological Centre (CTCP). The obtained values 
were compared against the internal specifications also established by CTCP (casual 
shoes: maximum deceleration <150 m/s2 and energy return >34%). The results were 
compared with the base material alone or modified with 0.5 and 1% (w/w) of glyc-
erol. Moreover, the effect of the sample thickness on the measured properties was 
inspected trying to approach the real insole dimensions. Among the tested samples, 
the use of lignin as filler (2%, w/w) gave quite interesting results, being the maxi-
mum deceleration 138.8  m/s2 and the energy return 49.6% (used thickness of 
16.5 mm). These results accomplished the specifications, indicating the suitability 
of the PU foam modified with 2% of lignin for the production of footwear insoles 
with improved cushioning properties.
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3.2.2  �Additive to Enhance Biodegradability

Nowadays, polymeric waste is becoming a serious environmental problem world-
wide. In fact, since the development of the first polymeric materials, research efforts 
were concentrated on increasing their stability and extend lifetime. Given their 
durability, polymeric materials become attractive choices giving rise to their inten-
sive use and consequent generation of waste at a global level. Taking into account 
that respect for the environment is a key issue in sustainable development, it became 
necessary to redefine strategies, processes, and products in order to preserve fossil 
resources and minimize pollution. It is thus essential that industries reduce energy 
consumption and intensify the use of raw materials derived from renewable natural 
sources. In this context, the development of strategies for increasing the biodegrad-
ability of polymeric materials in general, and polyurethanes in particular, at their 
end-of-life use, represents an important issue and has been the focus of several stud-
ies. Among the possible choices to enhance polymer’s biodegradability, the use of 
natural-derived fillers, namely, lignin, starch, or cellulosic fibers, is a feasible alter-
native. Depending on the polymer type, these additives can be added during poly-
mer synthesis, before or during processing stage. Through this strategy, the filler is 
dispersed into the polymeric matrix, thus acting as preferential sites for microorgan-
ism’s attack, favoring biodegradation initiation and progression.

Concerning biodegradability, lignin is generally considered a recalcitrant part of 
plant cell walls, being mostly degraded by fungi via oxidative processes. The organ-
isms predominantly responsible for lignin degradation are fungi, being the basidio-
mycetes the most effective degraders within this group. The ability to degrade lignin 
is thought to be associated with mycelial growth, which allows the transport of 
nutrients. The fungal degradation is mainly an extracellular process, due to the lig-
nin insolubility. Fungi have two types of extracellular enzymatic systems: the 
hydrolytic system, which produces hydrolases that are responsible for polysaccha-
ride degradation, and oxidative extracellular ligninolytic systems, which degrade 
lignin by opening phenyl rings. Laccases and peroxidase enzymes cause lignin deg-
radation through low molecular weight free radicals such as OH, depolymerize the 
phenolic and non-phenolic groups, and mineralize the insoluble lignin (Datta et al. 
2017; Sanchez 2009). Among the existing fungus, white-rotting fungi are the sole 
fungi in nature able to mineralize lignin, being Phanerochaete chrysosporium con-
sidered the model white-rotting fungi encompassing these skills (Camarero et al. 
2014; Sanchez 2009; Zhu et  al. 2017a). Beyond this, other fungi like the wood-
rotting fungi have also the capability to produce ligninolytic oxidoreductases (lac-
cases and different types of peroxidases), which are able to oxidize the phenylpropane 
lignin units (Liew et al. 2011; Suman et al. 2016). Despite all the aforementioned, 
some bacterial genre have also the ability to metabolize lignin. Soil bacteria actino-
mycetes have been reported to degrade lignin, both by solubilizing it and producing 
high molecular weight metabolites. Although the bacterial metabolism of lignin is 
not as complete as for fungal systems, bacteria action results in small-size aromatics 
that can be transported into the cell for aromatic catabolism, which is widespread in 
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soil bacteria (Brown and Chang 2014). Due to the ability of bioconversion of lignin, 
microorganism’s producing ligninolytic enzymes present also an increased capabil-
ity to biodegrade several xenobiotic substances, including polymeric materials 
(Yadav and Yadav 2015). Nevertheless, potential applications using lignin-degrading 
organisms and their enzymes have become attractive since they can provide both 
environmental friendly technologies for pulp and paper industry and added value to 
lignin-based products that can be presented as more degradable materials (Amaral 
et al. 2012).

In the work of Ignat et al. (2011b), a series of lignin-PU blends were synthesized 
from biodegradable poly(ester-urethane) elastomers containing lactate segments 
and flax lignin through casting from dimethylformamide solutions. In order to eval-
uate the potential of fungal peroxidase and laccase on the produced blends, the 
obtained films were incubated with solutions of these enzymes. It was found that 
lignin addition improved the structural organization of PU and consequently the 
mechanical properties of blends. Moreover, FTIR analysis displayed that both, lig-
nin and PU, were affected by the oxidative enzymatic treatment, with prevalence on 
film surface. PU degradation was mainly related with chain scission of polyester 
and lactate segments, being strongly influenced by lignin addition. The used enzyme 
type imparted a significant effect on degradation, and their increment influenced the 
thermomechanical behavior. In another study of the same group (Ignat et al. 2011a), 
the evaluation of flax lignin, added at contents of 4.2 and 9.3% (w/w), on the enzy-
matic degradation of a poly(ethylene adipate)-derived polyurethane, was evaluated. 
PU films, produced by casting, were incubated for 3 days at 30 °C in buffer solu-
tions of fungal peroxidase and laccase extracted from Aspergillus sp. and then com-
pared with the untreated films. Surface modifications due to the enzymatic attack 
were evaluated by FTIR and SEM, while the impact on bulk properties was assessed 
by tensile tests and TGA measurements. This study pointed out that lignin, used at 
amounts around 4–5%, increased both mechanical properties and propensity to bio-
degradability of common PUs based on MDI/polyester. Among the used enzymes, 
laccase showed the best degradation effects.

In the work of Fernandes et al. (2016a), the compounding of a polyester-based 
thermoplastic polyurethane (TPU) used in the footwear industry for outsoles pro-
duction, with lignin, starch, and cellulose at content of 4% (w/w), was studied. The 
biodegradability was evaluated using agar plate tests with the fungi Aspergillus 
niger ATCC16404, the Gram-negative bacteria Pseudomonas aeruginosa 
ATCC9027, and an association of both (consortium), as well as soil tests conducted 
at 37 °C and 58 °C. The results obtained, both on the agar plate test and in soil tests, 
indicated a biodegradation-promoting effect associated with the use of the selected 
natural additives. Nevertheless, the best results were obtained with lignin, which 
give rise to a weight loss of 67% according to the biodegradation tests performed at 
58 °C during 4 months (at this time the disintegration of the sample was observed). 
The FTIR analysis of these samples proved the effective degradation of the PU, in 
particular by the appearance of bands associated with the degradation of both ure-
thane and ester groups, as well as the intensity reduction of the band at 713 cm−1 
associated with the size reduction of the polymeric chain. Based on these results, the 
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formulation TPU added with 4% lignin was selected for the production of soles’ 
prototypes, and the physical-mechanical properties were evaluated. The results 
prove the suitability of using the lignin-modified TPUs for footwear outsoles’ 
production.

3.2.3  �Comonomer to Produce Elastomers

Regarding lignin utilization as a comonomer in the production of polyurethane (PU) 
elastomers, several studies were performed in order to evaluate the effect of lignin 
type and content, chemical system, formulation, and process conditions on materi-
al’s properties. In this context, it is a current practice to use a tri-component chemi-
cal system (lignin, polyol, and isocyanate). Examples of polyols include 
poly(ethylene glycol) (PEG), poly(propylene glycol) (PPG), and polycaprolactone 
(PCL) of different molecular weights. Polyol will contribute to reduce the glass 
transition temperature and the crosslinking density, thus ensuring the obtainment of 
more flexible materials. Additionally, they can assume a solvent role enabling 
polymerization in bulk, thus avoiding the use of organic solvents.

The direct use of the tri-component system was extensively studied by Thring 
and co-workers (Thring et al. 1997, 2004; Vanderlaan and Thring 1998) who studied 
the effect of lignin content and NCO/OH molar ratio, lignin molecular weight, and 
polyol molecular weight. Additionally, Ni and Thring (2003) also studied the effect 
of using a catalyst (DBTDL). The work performed by Thring and co-workers used 
an organosolv lignin (Alcell from Repap) and showed that the use of high lignin 
contents (greater than 30%) and high NCO/OH molar ratios lead to the obtainment 
of hard and brittle materials. The crosslinking density of these materials was found 
to increase with the increase of lignin molecular weight. The inclusion of DBTDL 
allowed the utilization of higher NCO/OH molar ratios as well as higher lignin con-
tents (50%) without leading to the formation of brittle materials. The results were 
explained in terms of catalyst ability to efficiently promote the reaction between the 
polyol’s hydroxyl groups and isocyanates.

Hatakeyama’s research group also performed a series of works using this strat-
egy. The chemical system comprised of a kraft lignin, a polyether polyol, and poly-
meric MDI (Reimann et al. 1990; Yoshida et al. 1987, 1990). The effect of lignin 
content on crosslinking density and mechanical properties was evaluated at differ-
ent NCO/OH molar ratios. Lignin was found to act as a crosslinking agent, and its 
contribution to the formation of the polymeric network was more efficient at low 
NCO/OH molar ratios. It was possible, by varying the lignin content, to produce 
polyurethanes with a wide range of mechanical properties, using low to intermedi-
ate NCO/OH molar ratios. This work was also extended to other lignin types, 
namely, solvolysis lignin and lignosulfonates (Hatakeyama 2002; Hirose et  al. 
1989). In these works, the contribution of lignin to the thermal properties of the 
resulting materials was also reported and found to retard thermal degradation of the 
resulting materials.
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Gandini’s research group contribution to this kind of approach includes the utili-
zation of a kraft lignin alone or in combination with poly(ethylene oxide) (PEO) and 
hexamethylene diisocyanate (Cheradame et  al. 1989). Other works of the group 
used a distinct approach to introduce the flexible segment (polyol), namely, by using 
oligoether isocyanates to combine with an organosolv lignin (Alcell from Repap) 
(Gandini et al. 2002; Montanari et al. 1996) and oxygen-organosolv lignins isolated 
from spent liquors after delignification of aspen and spruce in different acidic/
organic solvente (Evtuguin et al. 1998). The resulting materials varied from thermo-
plastic to partly or fully crosslinked elastomers, depending on the functionality of 
the used isocyanates.

In the work of Cateto et al. (2011), the formation of lignin-based polyurethanes 
was monitored through Fourier-transform infrared spectroscopy working in attenu-
ated total reflectance mode (FTIR-ATR). The used chemical system consisted of 
4,4′-methylene-diphenylene diisocyanate (MDI), polycaprolactone (PCL) of three 
different average-molecular weights (400, 750, and 1000), and two lignin samples 
(Alcell and Indulin AT) incorporated at different weight contents (10%, 15%, 20%, 
and 25%) in the polyol mixture. The polymerization reaction was carried in bulk 
and without the presence of any catalyst. Results showed that isocyanate conversion 
decreased with the increase of both lignin content and PCL molecular weight. 
Moreover, the Indulin AT series leaded to lower isocyanate conversion compara-
tively with Alcell counterparts. The global second-order kinetic treatments showed 
to be dependent on lignin type and content as well as on PCL molecular weight, 
being more adequate for experiments with low lignin contents. The obtained results 
were systematized graphically in Fig. 3.2. In the network structure, Indulin AT gen-
erates larger and stiffer lignin “islands” comparatively to Alcell (Indulin AT has a 
higher molecular weight). Low molecular weight PCL are less efficient in creating 
three-dimensional polyurethane networks, effect highlighted for Alcell lignin 
(Alcell has a lower hydroxyl content). This was markedly observed for the sample 
synthesized from PCL400 with a lignin content of 25%, for which an apparently 
abnormal high sol fraction was achieved. On the opposite side, high molecular 
weight polyols increased the efficiency of the polymeric network formation. For 
very long PCL chains, this efficiency decreases mainly due to a dilution effect of the 
hydroxyl chain ends. This effect was highlighted when combined with Indulin AT 
where the volume of the stiff lignin islands hinders an effective network formation. 
This observation justifies the results obtained for the sample produced with 
PCL1000, for which also an apparently abnormal high sol fraction was achieved 
(Cateto 2008).

The present approach of using a three-component system (lignin, polyol, and 
isocyanate) continues to be explored in the recent years with some works focusing 
on the use of bio-based polyols putting in evidence the trend toward the increase of 
the bio-based content of the final materials. This is the case of the work of Tavares 
et  al. (2016) where castor oil and also a modified form of castor oil (obtained 
through reaction with glycerol using different glycerol/castor oil weight ratios) was 
combined with a kraft lignin and MDI.  The obtained results pointed out for an 
increase of the glass transition temperature and crosslinking density, together with 
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an improved ultimate stress, for films prepared with modified castor oil added with 
30% of lignin.

In the work of Avelino et al. (2017), polyurethanes using a system formed by a 
coconut shell-derived organosolv lignin, polyethylene glycol 400, and toluene 
diisocyanate (TDI) were synthesized through a solvent-free polymerization route. 
Properties such as porosity and crosslinking degree were determined having in view 
the evaluation of the lignin content (0–50%) and NCO/OH molar ratio (1.0–1.5). 
From the thermal analysis results, it was concluded that the lignin-based PU pre-
sented higher thermal and thermo-oxidative stability, when compared with the base 
PU (sample without lignin). Glass transition temperature increased with lignin con-
tent increase, compatible with the increase of the crosslinking density due to effec-
tive lignin incorporation. High lignin contents produced PUs with poor mechanical 
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properties, while intermediate lignin contents produced materials with interesting 
mechanical properties.

A different approach, but in line with the one tested by Gandini’s group (the use 
of oligoether isocyanates), was recently studied by Li et al. (2017a), namely, by the 
use of poly(propylene glycol) tolylene 2,4-diisocyanate  terminated (PPGTDI) as 
soft domains and lignin as the hard segment. Two lignins of different molecular 
weights (600 and 3600) were tested at contents ranging from 5% to 40%. With lig-
nin content increase, PU thermal stability was improved, and Tg shifts to higher 
temperatures, especially for the PUs produced with the low molecular weight lig-
nin. Furthermore, these samples displayed improved mechanical properties. The 
sample comprising 40% of the low molecular weight lignin presented Young’s mod-
ulus, tensile strength, and strain at break of 176.4  MPa, 33.0  MPa, and 1394%, 
respectively. This can be related with the better dispersion of low molecular weight 
lignin in the reactive mixture that favors lignin reaction and incorporation in the PU 
network, as verified by DSC, SEM, and TEM studies. In conclusion, this study 
highlighted the potential application of unmodified lignin in the high-performance 
PU production. The used strategy resulted in final PU samples with high lignin 
contents (40%, PU basis).

3.3  �Lignin Use After Chemical Modification

Lignin chemical modifications can be categorized into three main classes: (i) lignin 
functionalization/derivatization having in view the introduction of new chemical 
active sites, thus enhancing lignin reactivity/compatibility in polymeric systems; (ii) 
lignin chemical modification to produce liquid polyols, a comonomer for polyure-
thane synthesis; and (iii) lignin fragmentation/depolymerization procedures, which 
increase lignin compatibility with other comonomers and solvents (Lora and Glasser 
2002; Panesar et al. 2013).

In this context, current practices to functionalize lignin, namely, processes 
involving etherification (e.g., lignin methylation), esterification (e.g., lignin acetyla-
tion), and reaction with isocyanates, will be briefly reviewed. Then the topic of the 
production of liquid polyols by liquefaction procedures using polyhydric alcohols 
via solvolytic reactions (processes which can be also considered as depolymeriza-
tion processes) and by oxypropylation (processes that preserve the macromolecular 
characteristics of lignin) will be addressed in more detail due to the interest for 
polyurethane chemistry. Following the current interest on fragmentation/depoly-
merization processes, which include other strategies over the cited liquefaction pro-
cesses, this topic will be treated in an independent item.

Lignin Functionalization/Derivatization
Lignin functionalization/derivatization aims to introduce new chemical active sites 
within its structure in order to render it more reactive/compatible enhancing its use 
in the synthesis of polymeric materials. Lignin reactivity is essentially based on two 
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distinct structural features: (i) the presence of free ortho positions in the phenolic 
ring (guaiacyl-type lignins from softwood can comprise reactive sites on C5 posi-
tions of the phenolic ring and lignins containing coumaryl-type units (e.g., some 
lignins from annual plants) can present reactive sites on C3 positions) and (ii) the 
presence of multiple hydroxyl functions (OH), which can be subjected to various 
chemical modifications. Depending on the envisaged chemistry for OH’s function-
alization, it is needed to differentiate between the aliphatic (primary or secondary) 
and the phenolic ones (condensed or non-condensed) (Duval and Lawoko 2014; 
Mahmood et al. 2016b). Among the available functionalization/derivatization pro-
cedures, etherification, esterification, and reaction with isocyanates are the ones 
most explored. These chemical modifications involve hydroxyl groups.

Methylation can be viewed as a method mainly to improve lignin compatibility 
with nonpolar polymeric matrices (Duval and Lawoko 2014). Also, it can be used to 
reduce lignin’s hydroxyl functionality. Lignin methylation was studied by Sadeghifar 
et al. (2012) who evaluated and compared two series of methylated softwood kraft 
lignins synthesized using different methylation pathways. The obtained data showed 
that, under the tested conditions, dimethyl sulfate in aqueous alkaline medium 
(NaOH) selectively converts phenolic hydroxyl groups of lignin into methylated 
derivatives (side reactions were considered negligible). On the other hand, methyl 
iodide in the presence of an excess of potassium carbonate in N,N-dimethylformamide 
was found to be ineffective and nonselective. In another study (Cui et al. 2013), the 
effect of using methylation (through dimethyl sulfate in alkaline medium) in the 
thermal properties of a softwood kraft lignin was inspected. Softwood kraft lignin is 
generally susceptible to thermally induced reactions which cause modifications in 
the molecular structure, namely, by the formation of irreversible crosslinking. The 
fully methylated lignin presented an increased thermal stability, together with a low 
Tg, minimizing these undesirable side effects. These results were also corroborated 
in the work of Sen et al. (2015) who studied methylation using dimethyl carbonate 
(DMC) in the presence of sodium hydroxide or cesium carbonate as bases, under 
mild reaction conditions. Moreover, the results evidenced the preferential methyla-
tion of the phenolic hydroxyls, while for the aliphatic ones, a reduction was 
observed. Methylated samples presented higher thermal stability, avoiding induced 
crosslinking.

Regarding esterification, Chen et  al. (2014) studied lignin esterification (kraft 
lignins were used) with maleic anhydride, succinic anhydride, and phthalic anhy-
dride, being phthalic anhydride the reactant conducting to the highest weight gain. 
Spectroscopic analysis revealed a decrease in hydroxyl content and an increase in 
carbonyl content, which was related with the effective esterification. As a conse-
quence, the hydrophilic properties of the modified lignin decreased. Regarding the 
thermal stability, maleic and succinic anhydrides gave rise to modified lignins with 
increased thermal stability. The ones modified with phthalic anhydride showed a 
rapid degradation at low temperature. In the work of Xiao et al. (2001), esterifica-
tion with succinic anhydride was applied to several lignin samples (e.g., poplar, 
maize stem, barley, wheat, and rye straw lignins). All the modified lignins showed 
an increased thermal stability when compared with the corresponding unmodified 
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lignins. Also in this context of lignin esterification, Cachet et al. (2014) studied the 
esterification of an organosolv lignin (Biolignin™) with acetic anhydride (acetyla-
tion) in supercritical carbon dioxide (scCO2). Comparing the supercritical condi-
tions with the conventional reactions in solution, it was noticed that the supercritical 
medium allowed an improved acetylation yield, being also observed a decrease on 
the glass transition temperature of the modified lignin. Based on the overall results, 
it is possible to change the basic properties of lignins through reaction with anhy-
drides, a useful strategy for the production of high-performance composites.

Modification of lignin through reaction with isocyanates was the subject of sev-
eral studies. In the work of Chauhan et al. (2014), soda lignin was functionalized 
with 4,4′-diphenyl methane diisocyanate (MDI) and thereafter reacted with PEG400. 
Gómez-Fernández et al. (2017) used a similar strategy by functionalizing a com-
mercial kraft lignin through the reaction with isophorone diisocyanate (IPDI). The 
results revealed that almost half of the lignin’s hydroxyl groups were functional-
ized. Thereafter, the modified lignin was used to produce flexible polyurethane 
foams. Two series of polyurethane foams, using modified and unmodified lignin (3, 
5 and 10%), were prepared. The foams prepared with the modified lignin give rise 
to final materials with increased flexibility (higher elastic modulus and higher abil-
ity to absorb energy was observed), when compared with the ones using unmodified 
lignin. This was associated with a more effective incorporation of lignin through 
chemical reaction in the case of using the modified lignins.

In a recent work, Borrero-López et  al. (2017b) tested the modification of an 
alkali lignin with different diisocyanates (hexamethylene diisocyanate (HDI), 
isophorone diisocyanate (IPDI), toluene diisocyanate (TDI), and 4,4′-diphenyl 
methane diisocyanate (MDI)). The production of polyurethanes involved a two-step 
procedure; first lignin was functionalized with the chosen diisocyanate and thereaf-
ter reacted with castor oil resulting in materials with gel-like type properties. Gel’s 
(produced with 30% thickener) rheological properties were evaluated, being the 
HDI-functionalized lignin-based gels the ones presenting the higher gel-like type 
behavior. TDI-, IPDI-, and especially MDI-functionalized lignin-based gels showed 
weak gel-like type properties or even a liquid-like behavior. These features were 
related with the respective isocyanate chemical structures, which led to higher steric 
hindrance and thus to the diminishing of urethane linkages formation. This study 
was the base for the proposal of a lignin-based thickener for lubricant greases, appli-
cation that was studied in a second work of the group (Borrero-López et al. 2017a). 
The performed tests, typical of the lubricant industry (penetration and tribological 
assays), showed that linear viscoelasticity functions were affected by the used lig-
nin/diisocyanate ratio and thickener content, while thermo-rheological analysis 
revealed a softening temperature around 105 °C. Additionally, when compared with 
traditional lubricant greases, the produced gels presented lower friction 
coefficients.

Lignin modification by esterification and by reaction with isocyanates was com-
pared in the work of Zhang and co-workers (2015). The aim of the work was to 
study the compatibility improvement of lignin fillers subjected to chemical modifi-
cation with a PU matrix. Lignin modification was done following two strategies: 
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esterification with butyric anhydride and chemical modification with octadecyl iso-
cyanate (urethane lignin). The modified lignins were incorporated in a vegetable 
oil-based polyurethane to produce composites with high bio-content. Between the 
two tested lignin fillers, urethane lignin showed better compatibility with the 
selected PU matrix, comparatively with the butyric anhydride modified lignin. It 
was observed that the incorporation of a high urethane lignin content (up to 30% 
(w/w)) increased the Young’s modulus and lowered the onset of thermal degrada-
tion. However, urethane lignin incorporation did not affect significantly the glass 
transition temperature; nevertheless, an increase in the dielectric constant was iden-
tified, comparatively with the neat PU (PU without additives).

Beyond the chemical modifications aforementioned, lignin functionalization 
with phosphorus was also tested aiming at improve lignin compatibility with reac-
tive PU systems and to increase lignin’s flame-retardant properties. In this context, 
Xing et al. (2013) synthesized halogen-free flame-retardant RPU foams, where the 
base polyether polyol was partially substituted by a polyol prepared by a 
phosphorous-modified lignin added with encapsulated ammonium polyphosphate 
at contents of 10, 20, and 30% (w/w). Reference foams with the base polyol and 
with the defined polyol mixtures, without adding encapsulated ammonium poly-
phosphate, were also produced. The use of the phosphorous-modified lignin-based 
polyol and the encapsulated ammonium polyphosphate gives rise to RPU foams 
with improved thermal stability, flame-retardant, and mechanical properties. Also, it 
was observed that when the lignin-based polyol was used, the heat release rate 
decreases, and the combustion process is slowed down. In a similar work (Zhu et al. 
2014), lignin grafted with phosphorus-nitrogen-containing groups, obtained via a 
liquefaction-esterification-salification process, was used to prepare lignin-based 
phosphate melamine compounds with free hydroxyl groups. This modified lignin 
was used to replace part of a base polyol to produce lignin-modified-polyurethane 
foams with flame-retardant properties. Comparatively with the base materials, the 
obtained foams showed improved compression strength, thermal stability, char for-
mation, and self-extinguishment properties. The obtained features resulted in the 
improvement of the flame-retardant properties of the foams both on gas and con-
densed phases.

3.3.1  �Overview of Lignin Liquefaction Processes

Considering lignin chemical modification having in view the production of liquid 
polyols, currently there are two major technologies: liquefaction and oxypro-
pylation. The produced polyols are rich in hydroxyl groups and can be used for PU 
synthesis without further modification (D’Souza et  al. 2017; Li et  al. 2015). 
Liquefaction is a process in which a substrate is converted into smaller molecules 
by polyhydric alcohols via solvolytic reactions. Liquefaction can be applied to the 
whole biomass or their components, like lignin. According to several studies, the 
liquefaction process is usually conducted at temperatures in the range 150–250 °C 
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under atmospheric pressure by using polyhydric alcohols, such as polyethylene 
glycol (PEG) and glycerol, as liquefaction solvents. Liquefaction can be either acid- 
or base-catalyzed, being however the acid catalyzed the most used process (Balat 
2008). During lignin liquefaction, solvolysis and depolymerization phenomena 
occur simultaneously. Lignin is decomposed, depending on the used solvent through 
hydrolysis, phenolysis, alcoholysis, and glycolysis reactions, which cause biopoly-
mers to cleave into smaller fragments. After this stage, the re-polymerization and 
condensation reactions of lignin fragments can occur increasing the final residue in 
the reaction medium (Silva et al. 2017).

Liquefaction can be performed with organic solvents using conventional heating 
systems or emerging microwave heating sources; this later conducting to a faster 
liquefaction process. Polyols obtained through liquefaction commonly contain solid 
residues in variable amounts depending on the process efficiency. Thus, the optimi-
zation of liquefaction parameters is usually conducted to obtain polyols with low 
residue content, which will be more suitable for the production of polyurethanes. 
Factors such as the feedstock characteristics, liquefaction solvent, catalyst, and liq-
uefaction temperature/time have a significant effect on lignin liquefaction efficiency 
(Li et al. 2015). Table 3.1 presents a survey of examples dealing with the liquefac-
tion of lignins coming from various processes (e.g., kraft, milled wood lignin, soda, 
and organosolv) and bio-based feedstocks (e.g., corncob residues, olive tree prun-
ing, aspen wood, sugarcane bagasse, and cornstalk residues) and using different 
processing conditions.

Most of the liquefaction processes use sulfuric acid as catalyst at contents rang-
ing from 1.0 to 3.0 (w/w), even some works report the use of much higher contents 
(10.0–20.0), as is the case of Sequeiros et al. (2013). Sulfuric acid and toluene sul-
fonic acid monohydrate (PTSA) catalysts were used by Jasiukaityte-Grojzdek et al. 
(2012) with beech (Fagus Sylvatica) milled wood lignin as a model substrate. In this 
work, sulfuric acid conducted to an increased formation of condensed structures 
when compared with PTSA-catalyzed liquefaction. Furthermore, PTSA favored lig-
nin degradation and functionalization with ethylene glycol (used solvent). A gradual 
incorporation of the ethylene glycol into the lignin structure was observed, which 
give rise to a condensed lignin-based product with predominant aromatic hydroxyl 
groups. The presence of lignin monomers was also confirmed. Other alternatives 
of catalysts are ionic liquids (IL). In this context, 1-(4-sulfobutyl)-3-
methylimidazoliumhydrosulfate was used in the direct liquefaction of sugarcane 
bagasse using an ethanol/water mixture as solvent (Long et al. 2015). The results 
demonstrated an excellent catalytic performance for the chosen IL. When using the 
optimized conditions, the degree of liquefaction surpassed 65%, yielding 13.5% of 
useful aromatic fine chemicals (e.g., phenol, 4-ethylphenol, and guaiacol).

As an alternative to conventional heating, microwave liquefaction is being pro-
gressively studied corroborating the advantages in what concerns the reduced reac-
tion times. Microwave liquefaction of a kraft lignin was performed with a PEG400/
glycerol mixture using sulfuric acid as catalyst (Silva et al. 2017). The work was 
focused on studying the effect of the lignin/solvent and catalyst/solvent ratios and 
reaction time on yield and hydroxyl index of the obtained polyols. The optimal 
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Table 3.1  Examples of lignin liquefaction processes and used conditions

Lignin
Proc.
(Heat)

Solvent mixture
(w:w)

L/S 
ratio
(w:v)

T 
(°C)
t 
(min)

Cat.
(%, w/w)1 References

Milled wood
(Fagus 
sylvatica)

G
(C)

Ethylene glycol 
(100)

1:5 150
240

Sulfuric acid (3)
p-toluene sulfonic 
acid monohydrate 
(3)

Jasiukaitytė-
Grojzdek 
et al. (2012)

Kraft
(Eucalyptus 
spp.)

G
(M)

PEG400:glycerol 
(80:20)

2:10
1.5:10
2.5:10

160
5–30

Sulfuric acid
(3–6)

Silva et al. 
(2017)

Alkaline
(corncob)

G
(M)

PEG400:glycerol 
(80:20)

1:5 160
5–30

Sulfuric acid
(1.5)

Xue et al. 
(2015)

Enzymatic 
hydrolysis
(cornstalk)

G
(C)

PEG400:glycerol
(80:20)

1:4
1:5
1:4.5
1:5.5
1:6

130–
170
60–
180

Sulfuric acid
(10–20)

Jin et al. 
(2011)

Organosolv
(olive tree 
pruning)

G
(M)

PEG400:glycerol
(80:20)

1.5:8.5 130–
180
5–15

Sulfuric acid (1–3) Sequeiros 
et al. (2013)

Hydrolysis
(aspen wood)

H
(C)

Ethanol:water
(50:50)

2:10 150–
300
60

n.u. Mahmood 
et al. (2016a)

Organosolv
(sugarcane 
bagasse)

H
(C)

Ethanol:water
(40:10)

0.5:50 250
15

1-(4-sulfobutyl)-3-
methyl 
imidazolium 
hydrosulfate 
(1 mmol)

Long et al. 
(2015)

Soda
(non-wood 
biomass)

G
(M)

Glycerol:glycerin 
polyglycidyl ether
(2:10, 3:10, 4:10; 
5:10, 5:15)

1:12
1:13
1:14
1:15
1:20

140
2

n.u. Bernardini 
et al. (2015)

Hydrolysis
(residue from 
cornstalk)

A
(C)

Furfuryl alcohol
100

1:3
1:4
1:5

120–
170
15–
120

n.u. Li et al. 
(2013)

G
(C)

PEG400:glycerol
(80:20)

Kraft
Organosolv
Calcium 
Lignosulfonate

G
(C)

Crude glycerol
(100)

9:1 160
90

Sulfuric acid
(n.a.)

Muller et al. 
(2017)

Lignin (L); solvent (S); temperature (T); time (t); process (Proc.), glycolysis (G); hydrolysis (H); 
alcoholysis (A); heat source (Heat), conventional (C); microwave (M); catalyst (Cat), solvent 
weight basis; n.u., not used; n.a., not available
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liquefaction conditions, obtained through response surface methodology (RSM), 
were 20% of lignin, 3% of catalyst at 5 min giving rise to a liquefaction yield of 
95.27%, and a hydroxyl index of 537.95 mg KOH/g. In another study (Xue et al. 
2015), lignin-based polyols were produced by microwave heating at different times 
(5–30  min) using PEG400/glycerol (solvent) and sulfuric acid (catalyst) at 
140 °C. The heating time of 5 min (optimal conditions) originated a high liquefac-
tion yield (97.5%) and polyol with a hydroxyl number of 8.628 mmol/g, suitable for 
polyurethane foams synthesis. This was validated by producing PU foams with 
increased NCO/OH molar ratios (0.6–1.0), which resulted in mechanical properties 
improvement. Also, Sequeiros and co-workers (2013) evaluated the liquefaction of 
an organosolv lignin recovered from olive tree pruning, under microwave heating 
with PEG400/glycerol and sulfuric acid. The optimal conditions  obtained corre-
sponded to a liquefaction yield of 99%, obtained in 5 min at 155 °C, using 1% of 
sulfuric acid. The obtained polyol presented a hydroxyl index of 811.8 mg KOH/g. 
Microwave liquefaction was also applied to a soda lignin in glycerol/glycerin poly-
glycidyl ether medium (Bernardini et al. 2015). The obtained polyols were tested in 
the synthesis of flexible PU foams by partially replacing an oil-based polyol. The 
obtained foam’s properties were similar to that of conventional materials used in 
furniture, car seats, and couches. According to this strategy, lignin polyol was incor-
porated in the PU foam at a content of around 12% (w/w).

Other studies comprise the use of different liquefaction solvents, such as mono-
ethanolamine (Renata and Celeghini 2001), water/ethanol mixtures (Mahmood 
et  al. 2016a), furfuryl alcohol (Li et  al. 2013), and crude glycerol (Muller et  al. 
2017). According to this last work, where different technical lignins were studied 
(organosolv, kraft, and calcium lignosulfonate), polyols with adequate hydroxyl 
indexes for PU foams synthesis proposes were obtained (435, 515, and 529  mg 
KOH/g, respectively). Based on the obtained results, the authors concluded that 
crude glycerol can replace petroleum-derived liquefaction solvents.

3.3.2  �Oxypropylation as a Viable Route to Produce Liquid 
Polyols

According to Gandini and Lacerda (2015), oxypropylation is, perhaps, the most 
interesting approach to use lignin in the field of materials synthesis. Oxypropylation 
is a very efficient process that converts quantitatively lignin proceeding from vari-
ous industrial origins into viscous polyols (macromonomers for PU synthesis, 
namely, RPU foams). In fact, the preparation of low-cost polyols from abundant and 
renewable biomass resources is being an important topic of research, highlighted by 
the current industrial interest, namely, for polyurethane synthesis. In this context, 
simple sugars and other polyols such as glycerol are commonly oxypropylated 
resulting in some of the available commercial products. In what concerns lignin, 
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oxypropylation has been recognized as a viable and promising approach to over-
come the technical limitations and constrains imposed by its macromolecular 
nature, which limits its direct use. By means of oxypropylation, the hydroxyl 
groups, in particular the phenolic ones entrapped inside the molecule and of difficult 
access, are liberated from steric and/or electronic constraints becoming more acces-
sible for reaction. At the same time, the solid lignin becomes a liquid polyol, thanks 
to the introduction of multiple ether moieties (Cateto 2008).

In a general way, oxypropylation reaction starts with hydroxyl groups activation 
by the catalyst, i.e., formation of an alcoholate group (RO-). Then, the formed alco-
holate group attacks the oxiranic ring of a propylene oxide (PO) molecule yielding 
another alcoholate group, after the insertion of a PO moiety. This chain-extension 
reaction occurs up to total PO consumption. This attack is made preferentially at the 
α carbon of the oxiranic ring due to the low steric hindrance of this atom. 
Consequently, the hydroxyl groups will be predominantly secondary hydroxyls 
(94–96%) and the microstructure of the chain predominantly head-to-tail type (H-T) 
(90%). Although less probable, the attack of the alcoholate group can also occur at 
the β position of the oxiranic ring. This situation, considered to be abnormal, leads 
to the obtaining of primary hydroxyl groups (4–6%). The described reactions are in 
fact a repeated second-order nucleophilic substitution (SN-2 type) that attacks a 
strongly nucleophilic alcoholate group on the carbon atoms of the oxiranic ring 
(Cateto 2008).

Oxypropylation reactions are normally performed using a basic catalyst such as 
potassium hydroxide (KOH). Acid catalysts can also be used although they lead to 
the formation of substantial amounts of by-products (cyclic ethers). Other catalysts, 
such as polyphosphazenium, aluminum tetraphenylporphine, and cesium hydrox-
ide, are also excellent to catalyze hydroxyl groups alkoxylation. Nevertheless, they 
are very expensive and therefore rarely used (Mihail  2005). Oxypropylation is 
always accompanied by the occurrence of two secondary reactions, PO homopoly-
merisation and isomerization. The homopolymerisation of PO takes places in the 
presence of residual water. This situation leads to the formation of OH species (e.g., 
from aqueous KOH), which can activate PO conducting to the formation of poly-
ether diols (e.g., poly(propylene glycol)). PO isomerization results from the removal 
of a hydrogen atom of the PO methyl group leading to the formation of an allylate 
and finally to the initialization of PO anionic polymerization. In this case, polyether 
monols with a terminal double bond are obtained as side products (Cateto 2008). 
This transfer reaction is favored when high temperatures are used, and to a much 
less extent, at high catalyst concentrations (Mihail 2005). In lignin oxypropylation 
reaction, the formed side reaction products, mainly poly(propylene oxide) PPO 
oligomers, are normally left in the final mixture since they constitute a very useful 
bifunctional comonomer, decreasing viscosity and the glass transition temperature 
(Belgacem and Gandini 2008). Figure 3.3 represents schematically lignin oxypro-
pylation process and the composition of the obtained polyol.

A survey of some representative works on the direct oxypropylation of biomass 
residues and isolated lignin, mainly to produce liquid polyols, are presented in 
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Table 3.2. Apart from different types of lignin, examples include sugar beet pulp 
(Pavier and Gandini 2000), cork (Evtiouguina et al. 2002; Evtiouguina et al. 2000), 
olive stone (Matos et  al. 2010), date seed (Briones et  al. 2011), rapeseed cake 
(Serrano et al. 2010), and gambier tannin (Arbenz and Avérous 2015).

Lignin oxypropylation has been the subject of some pioneering work being 
worth to mention the one of Glasser (Glasser et al. 1983; Wu and Glasser 1984) and 
Gandini (Gandini et al. 2002; Nadji et al. 2005) research groups. Different lignins 
were oxypropylated, with or without catalyst, in bulk or solution medium, and using 
various lignin/propylene oxide (L/PO, w/v) ratios. Several catalysts (triethylamine 
(TEA), pyridine, diazabicyclooctane (DABCO), sodium hydroxide (NaOH), and 
KOH) have been tested at various contents. Among them, alkali metal hydroxides 
(KOH and NaOH), with particular relevance to KOH, were found the most efficient 
ones. Moreover, bulk oxypropylation showed to be advantageous; it gives rise to 
faster reactions and requires no solvent, which bring green connotations by mini-
mizing the generation of volatile organic compounds (VOC) (Belgacem and Gandini 
2008). Particularly, in the work of Nadji and co-workers (Nadji et al. 2005), a sys-
tematic study using different lignins (lignin from Alfa (Stipa tenacissima) (SL), 
organosolv lignin from hardwoods (OL), kraft lignin (KL) from softwood, and oxi-
dized organosolv lignin (OOL)) was conducted. Oxypropylation was carried in 
batch mode (set-point temperature of 180 °C) using KOH as catalyst. The results 
indicated that lignins with a low molecular weight and high purity (hardwood 
organosolv lignins and non-wood lignins from soda pulping) reacted more readily 
with PO than the ones with high molecular weight and rich in carbonyl and carboxyl 
groups. The hydroxyl index of the obtained polyols was comprised between 100 and 
200 mg KOH/g, making them suitable to be used in RPU foam formulations.

Another systematic work was the one conducted by Cateto and co-workers 
(2009) where an optimization study performed with Alcell, chosen as a model lig-
nin, was performed using L/PO ratios (w/v) of 10/90, 20/80, 30/70, and 40/60 and 

Fig. 3.3  Schematic representation of lignin oxypropylation reaction putting in evidence the final 
composition of the polyol (mixture of oxypropylated lignin and PPO oligomers)
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Table 3.2  Survey of oxypropylation conditions used with selected biomass residues and isolated 
lignins

Biomass or
lignin type

B/PO (w/v)
Cat. (%, 
w/w)

Tset (°C)
Tmax (°C)

Pmax/ 
(105 Pa)
ttotal(min)

UR
(w/w, 
%) References

Sugar beet pulp 50/50–
10/90
1–30

140
170

8
240

0–50 Pavier and Gandini 
(2000)

Cork 40/60–
20/80
5 or 20

100–145
170–260

8–15
n.a.

0.5–5 Evtiouguina et al. 
(2000)

Cork 10/94
5 or 10

120–140
190–230

10–15
60–240

1–5 Evtiouguina et al. 
(2002)

Olive stone 30/70
n.a.

200
196

9
25

0 Matos et al. (2010)

Date seed 10/33–
10/50
n.a.

160
260

27
n.a

7 Briones et al. (2011)

Rapeseed cake 10/23
n.a.

160
201

21
45

0 Serrano et al. (2010)

Gambier tannin 40/60–
10/90
2.5–10

150
151–261

12.9–17.1
57–407

n.a Arbenz and Avérous 
(2015)

Organosolv L (Straw) 15–40/
(140 g)
0.7–1.9

160–176
225–242

21.7–30.0
n.a

0.1–7.5 Arshanitsa et al. 
(2015)

Soda L (Stipa 
tenacissima)
Organosolv L 
(hardwood)
Kraft L (softwood)
Oxidized lignin 
organosolv
(Picea excelsa)

50/50–
10/90
5–10

180
140–195

6.5–18
20–900

1–15 Nadji et al. (2005)

Kraft L (softwood)
Soda L (non-wood)
Organosolv lignin 
(hardwood)

40/60–
10/90
2–5

160
170–280

15–25
35–110

0 Cateto et al. (2009)

Soda L (Stipa 
tenacíssima)

40/60–
20/80
3–5

120–140
218–330

22–40
4–10

n.a Berrima et al. (2016)

Kraft L (softwood) 10/40
5

150
285

17.5
9

n.a Li and Ragauskas 
(2012b)

Sodium 
lignosulfonate
(Pinus taeda)

40/60–
25/75
5

150
240

20
48

n.a Oliveira et al. (2015)

Lignin (L); biomass (B); propylene oxide (PO); KOH (Cat.); set-point temperature (Tset); maximum 
reached temperature (Tmax); maximum reached pressure (Pmax); total reaction time (ttotal); unreacted 
biomass (UR) biomass-based; n.a., not available
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catalyst contents in the range 2–5% (w/w, biomass-based). The reaction was carried 
out in bulk (set-point temperature of 160 °C) with KOH as catalyst. The effect of the 
selected variables on hydroxyl index, viscosity, homopolymer content, and molecu-
lar weight was analyzed. It was observed that, under conditions favoring hydroxyl 
activation (high catalyst content or high L/PO ratio), formation of short grafts occurs 
(lower hydrodynamic volume was detected by SEC, and high viscous polyols were 
obtained). In opposition, if hydroxyl activation is not favored (low catalyst content 
or low L/PO ratio), formation of longer graft chains takes place (higher hydrody-
namic volume is detected by SEC, and low viscous polyols were obtained). The 
optimal oxypropylation conditions were established according to the requirements 
needed for the production of RPU foams (hydroxyl index between 300 and 800 and 
viscosity below 300  Pa.s). Based on these achievements, polyols based on four 
selected lignins (Alcell, Indulin AT, Curan 27-11P, and Sarkanda) were produced 
and used in the preparation of RPU foams.

Considering the main application of the lignin-base polyols, RPU foam synthe-
sis, different types of lignins have been oxypropylated. Soda lignin precipitated 
from black liquor of Stipa tenacissima L. cooking (L/PO ratios of 20/80, 30/70, and 
40/60, KOH (3–5%)) gives rise to polyols with viscosity and hydroxyl index rang-
ing from 0.48 to 4.20 Pa.s and 150–375 mg KOH/g, respectively (Berrima et al. 
2016). Straw lignin (Biolignin™) oxypropylation originated polyols with adequate 
properties, particularly if 15–30% of lignin was used in the initial reaction formula-
tion. Further increase in lignin content lead to the formation of a non-liquefied frac-
tion and high viscosity polyols (Arshanitsa et al. 2015). Kraft pine lignin and pine 
wood chips organosolv lignin were oxypropylated using a L/PO ratio (w/v) of 10/40 
and KOH at a content of 1% (biomass basis) resulting in polyols fulfilling the 
required hydroxyl index (between 300 and 800  mg KOH/g)(Li and Ragauskas 
2012a, b). In another study using sodium lignosulfonates, a polyol with a viscosity 
of 9.59 Pa s and a hydroxyl index of 574 mg KOH/g was produce being considered 
adequate for lignopolyurethanic composite preparation (Oliveira et al. 2015).

3.3.3  �Screening of Opportunities for Oxypropylated Lignin

The use of lignin-based polyols in polymeric materials is mainly focused on the 
synthesis of RPU foams. This preferential choice is associated with the high func-
tionality of these products. Even limited, studies envisaging other applications can 
be found in literature. In this context, Glasser and co-workers performed a series of 
studies that include the preparation of polyurethane films, coatings, epoxy resins, 
polymer blends (e.g., with poly(methyl methacrylate), poly(vinyl alcohol), and 
hydroxypropyl cellulose), and composite materials. This work remains as a relevant 
contribution in the field of lignin-based polymeric materials (Ciemniecki and 
Glasser 1988; Oliveira and Glasser 1994; Glasser et al. 1984, 1990, 1991; Hofmann 
and Glasser 1993; Oliveira and Glasser 1994; Saraf et al. 1985). The scenario did 
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not change significantly in the present days, where only few works using oxypro-
pylated lignins, or oxypropylated lignocellulosic biomass, to produce materials 
other than RPU foams, can be found. These include the modification of oxypro-
pylated lignocellulosic biomass (Barbosa et  al. 2013) and composite materials 
(Oliveira et al. 2015).

In the field of composite materials, lignin-based polyols prepared from oxypro-
pylated sodium lignosulfonates were blended with castor oil and reacted with MDI 
to produce lignin-based composite matrices, which were reinforced with sisal fibers 
(Oliveira et al. 2015). It was observed that the adding of sisal fibers improved the 
impact strength of the produced lignin-based composite matrices. The produced 
composites resulted in materials with a wide range of properties.

To surpass the constraints associated with the high functionality of the oxypro-
pylated lignocellulosic biomass, strategies for its decrease have been studied by 
reacting the oxypropylated materials with mixtures containing phenyl isocyanate 
(PI, a monofunctional isocyanate) and toluene diisocyanate (TDI, a bifunctional 
isocyanate) at PI/TDI molar ratios of 100/0, 80/20, 50/50, 20/80, and 0/100 (Barbosa 
et al. 2013). The objective was to modulate properties, thus opening new avenues 
for the exploitation of the oxypropylated products. The resulting materials showed 
that as the PI/TDI molar ratio decreased, Tg shifted toward higher values, observa-
tion compatible with a crosslink density increase. In fact, the produced polyure-
thanes changed from a highly viscous liquid (PI/TDI = 100/0 and 80/20) to stiff 
solids (PI/TDI = 50/50, 20/80, and 0/1 0/0). In conclusion, the strategy used in this 
work demonstrated a way to modulate the final properties of the oxypropylated 
products, pointing out the potential to be used in applications over RPU foams.

3.3.4  �Production of Rigid Polyurethane Foams

Rigid foams’ market evolution, with an expected growth by 2022 of $99.78 billion, 
is supported mainly by their increasingly use in the building and construction sec-
tors, insulation and energy saving, weight reduction applications (e.g., automobile 
industry), as well as in the packaging end-use industry. This growing market can 
however face retraction related to the instability in the prices of raw materials. 
Nevertheless, the implemented R&D strategies at worldwide level, focused in the 
development of new raw materials and technologies, with focus on raw bio-based 
materials, are the main driving forces for the development of this area in the near 
future (MaMRP  2017). In this context, RPU foams, owned to their outstanding 
thermal-insulating properties, are considered materials with excellent performance. 
In fact, thermal insulation of RPU foams is known to be better than the one of other 
conventional materials (e.g., expanded polystyrene, mineral wool, cork, softwood, 
fireboard, concrete blocks, and bricks). These materials, although less expensive, 
require higher amounts to attain the same insulating performance. Other important 
characteristics of RPU foams are the high mechanical strength, adhesive properties, 
and easy processing (Lee and Ramesh 2004).
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A typical RPU foam formulation includes an isocyanate, a polyol, a co-
crosslinking agent, physical and/or chemical blowing agents, a catalyst, and a sur-
factant. The reactions involved in this process include urethane formation, 
crosslinking reactions, and foaming reactions. The more commonly used isocya-
nates are toluene diisocyanate (TDI) and polymeric MDI (PMDI). The used NCO 
index is usually comprised between 1.05 and 1.20, which corresponds to an NCO 
excess of 5–20% (Lee and Ramesh 2004; Sonnenschein 2015). The used polyols are 
primary and secondary hydroxyl-terminated polyether polyols followed by polyes-
ter polyols, including aromatic polyester polyols. These polyols have normally a 
high hydroxyl index, generally comprised between 300 and 800  mg KOH/g  
(Mihail 2005).

Most of the pioneering work dedicated to the incorporation of oxypropylated 
lignins into RPU foams has been performed by Gandini and co-workers. The pro-
duced RPU foams were found to have insulating properties, dimensional stability, 
and an accelerated aging behavior very similar to those prepared with commercial 
counterparts (Gandini et al. 2002; Nadji et al. 2005). In particular, in the work of 
Nadji et al. (2005), several foam formulations were produced by substituting a com-
mercial polyol, partially or totally, by the lignin-based polyols (soda lignin, organo-
solv lignin, kraft lignin, and oxidized organosolv lignin were oxypropylated for this 
purpose). Foams prepared from oxypropylated organosolv lignin and oxypropylated 
soda lignin presented insulating properties, dimensional stability, and resistance 
against natural and accelerated aging, comparable to those prepared with the 
selected commercial polyol (reference foam). In contrast, oxypropylated kraft lig-
nin and oxypropylated oxidized lignin give rise to foam formulations with non-
suitable properties. More recently, Berrima et al. (2016) also used an oxypropylated 
soda lignin (precipitated from black liquor of Stipa tenacissima L. cooking) with 
interesting results. In brief, RPU foams with density ranging between 40 and 70 kg/
m3, an average cell size of 0.4–0.8 mm, and compression modulus of 0.1–8.7 MPa 
were obtained, showing promising properties to be used in thermal and acoustic 
insulation applications.

Glasser and co-workers have also conducted studies dedicated to the synthesis of 
RPU foams from oxypropylated lignin but mainly concerned with the study of the 
flame-resistant properties of the produced cellular materials (Glasser and Leitheiser 
1984). This topic was also treated in a more recent study, where oxyprolylated 
Biolignin™(organosolv lignin) was used to produce lignin-based RPU foams 
(Paberza et al. 2013) having in view the study of the flame-retardant properties and 
thermal stability. RPU foams were produced with the lignin-based polyols by 
replacing 0 to 100% of a commercial polyether polyol in the formulation. The flam-
mability and thermal stability were studied and compared with a RPU foam prepared 
with lignin as a reactive filler (0–15%). The results have shown the improvement of 
flame resistance and thermal stability, both with the adding of the lignin-based 
polyol and lignin direct use. The optimal thermal and flammability properties were 
achieved where lignin-based polyols were used at a content of 10–15% (correspond-
ing to the direct use of 8% lignin).

3.3  Lignin Use After Chemical Modification
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Lignin-based RPU foams using a sucrose-derived polyol and glycerol mixed 
with oxypropylated kraft pine lignin have been produced (Li and Ragauskas 2012b). 
The resulting foams presented low density (30 kg/m3). Among the tested formula-
tions, the one using solely the lignin-based polyol showed the best mechanical prop-
erties. In another study of the group (Li and Ragauskas 2012a), RPU foams with 
100% of an ethanol organosolv lignin polyol were prepared and reinforced with 
cellulose nanowhiskers (CNWs) (1–5%, w/w). The produced lignin-based polyols 
were evaluated as suitable for RPU foams preparation. Moreover, the incorporation 
of CNWs significantly improved both mechanical and thermal properties. For both 
studies, the thermal conductivity of the prepared foams was not evaluated.

RPU foams using lignin-based polyols obtained by oxypropylation of four dis-
tinct technical lignins (Alcell, Indulin AT, Curan 27-11P, and Sarkanda) were pro-
duced in the work of Cateto et al. (2013). Polyol formulations using two L/PO/C 
ratios (g/ml/%w/w (biomass basis)) were chosen (30/70/2 and 20/80/5). RPU foams 
have been prepared with a polyol mixture comprising a commercial polyol 
(Lupranol® 3323) and the lignin-based polyol at contents ranging from 25% to 
100% (w/w). Foams produced using the chosen polyol formulations exhibit proper-
ties similar to those of the reference foam (foam without adding the lignin-based 
polyol). Exceptions were registered, particularly with the foams produced with 
Sarkanda and Curan 27-11P-based polyols, which were found to present limitations 
for RPU foam formulations’ purposes. RPU foams produced with Alcell and Indulin 
AT 30/70/2 polyols exhibited the best properties; also, they correspond to the sam-
ples incorporating the highest lignin content among the studied ones.

3.4  �Lignin Use After Depolymerization

Regarding the highly random and branched three-dimensional polyphenolic struc-
ture of lignin, their partial disassembling would improve miscibility or compatibil-
ity with other ingredients. Lignin depolymerization results in the formation of a 
broad range of products, due to differences in lignin sources and used depolymer-
ization methods (Abdelaziz et al. 2016; Xin et al. 2014; Zhu et al. 2017b). Generally, 
lignin depolymerization results in products with low molecular weight and high 
aliphatic/total hydroxyl content. This functionality improvement makes these lignin 
derivatives suitable comonomers to be used in the preparation of RPU foams pro-
viding a high degree of replacement for petrochemical-derived polyol. The major 
objective of all the fragmentation/depolymerization strategies is to cleave the ether 
linkages of the lignin structure. Chemical depolymerization of lignin can be divided 
into several categories according to the chemistry involved in the depolymerization 
process (Mahmood et al. 2016b): (i) acid-catalyzed, (ii) metallic catalyzed, (ii) ionic 
liquid-assisted, (iv) sub- or supercritical fluid-assisted, (v) base-catalyzed, and (vi) 
oxidative depolymerization. Each process presents some advantages and 
disadvantages.

3  Polyurethanes from Recovered and Depolymerized Lignins
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After depolymerization, the access to the hydroxyl groups of the liquefied lignin 
can still be limited, constraint that can be overcome by chemical modification (e.g., 
oxypropylation) (Mahmood et al. 2016b). This strategy was followed by Mahmood 
and co-workers (2016a) who studied the liquefaction of a hydrolysis lignin (HL) 
using a 50:50 (v/v) water:ethanol mixture. The obtained product (powder form) was 
thereafter oxypropylated to produce liquid polyols with a bio-content of 50–70 wt%, 
which were used to prepare RPU foams. All the produced RPU foams were ther-
mally stable up to 200 °C, exhibit high compression strengths, and presented ther-
mal conductivity between 0.029 W/m.K and 0.034 W/m.K. In another work of the 
group (Mahmood et al. 2015), RPU foams were prepared following two different 
approaches: (i) by directly replacing PPG400 or sucrose polyol with depolymerized 
lignin and (ii) by using oxypropylated DKL as a single polyol feedstock. Among the 
studied routes, the one using oxypropylated depolymerized lignins gives rise to 
foams with a superior combination of physical, mechanical, and thermal properties. 
All the foams showed good compression strengths and thermal conductivity between 
0.029 W/m K and 0.040 W/m K and were thermally stable up to 200 °C. In both 
studies, the produced foams using oxypropylated depolymerized lignin were evalu-
ated as suitable candidates for insulation applications.

In a similar work, Fernandes and co-workers (2016b) studied the preparation of 
polyols through oxypropylation from a depolymerized kraft lignin and their use in 
RPU foam formulations. The depolymerized lignin was, in this case, obtained as a 
by-product of an oxidation process developed at the LA LSRE-LCM to produce 
vanillin and syringaldehyde. The obtained polyol was incorporated into a RPU foam 
formulation, alone or combined with 50% (w/w) of a commercial polyol using a 
NCO/OH molar ratio of 1.1. Even lignin is referred in literature as presenting fire 
retardancy, leading to the formation of char and volatile compounds from thermal 
decomposition, its incorporation on RPU foam systems resulted only in slight 
advantages; nevertheless the HRR decreased for the systems using the depolymer-
ized lignin fractions. In fact, and comparatively with the original lignin, these frac-
tions showed interesting characteristics for polymeric materials production. An 
additional advantage was the elimination of the malodorous typical of kraft lignins, 
possible resulting from the loss of the side chains of phenylpropane unit (bounded 
to sulfhydryl moieties, in the case of kraft lignin). The evaluated mechanical proper-
ties and thermal conductivity pointed out their compliance for insulation 
applications.

Xue and co-workers (2017) evaluated the depolymerization of corncob lignin 
using an isopropanol-water mixture and NaOH as catalyst, having in view the pro-
duction of biopolyols with low molecular weight and with appropriated hydroxyl 
number for the synthesis of a bio-based rigid polyurethane foams. The results 
showed that 22.1% of the depolymerized lignin presented a low molecular weight 
(860  g/mol), a suitable hydroxyl number (5.10  mmol/g), and a solid residue of 
5.1%. Based on the obtained results, the authors concluded that depolymerization 
process is appropriated for the production of biopolyols with suitable properties to 
partially or totally replace oil-based polyols in RPU foam formulations.

3.4  Lignin Use After Depolymerization
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In a different approach, Arshanitsa and co-workers (2016) studied the incorpora-
tion of an organosolv wheat straw lignin (Biolignin™) into PU formulations. In 
order to increase lignin solubility, lignin was fractionated by sequential extraction 
with dichloromethane, methanol, and a mixture of both solvents. The total yield of 
the isolated soluble fractions was 40% (w/w). These individual fractions were char-
acterized concerning the reactivity toward MDI. Moreover, PU films were produced 
by casting, from mixtures of the selected lignin fraction, PEG400 and MDI in tetra-
hydrofuran (THF) using a NCO/OH molar ratio of 1.05. The incorporated lignin 
content in the PU films varied from 5% to 40% (w/w). The obtained results pointed 
out that the isolated fractions of Biolignin™ acted as crosslinker agents in the PU 
network. The PU tensile properties were dependent of the type of lignin fraction and 
content, once the generated PU films were high elastic to glassy crosslinked materi-
als. Even this approach differs from the ones based on depolymerization, it high-
lights the advantages of using lignin fractions with more controlled properties, 
instead of the whole original lignin. This approach, together with the use of depoly-
merized fractions, is currently a driving force toward the development of novel and 
more effective lignin-based materials.
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Chapter 4
Polyphenols from Bark of Eucalyptus 
globulus

Abstract  E. globulus bark is extremely rich in polyphenolic compounds (polar 
fraction) being mainly composed of simple phenolic compounds, ellagitannins and 
proanthocyanidins. Several of these compounds exhibit important biological activi-
ties such as antioxidant, antimicrobial, anti-inflammatory activities. Moreover, they 
have interesting properties as ingredients for cosmetic formulations and as plasti-
cizer agents and can be employed in leather tanning and adhesive and coating pro-
duction, among other applications.

Pulp and paper industries generate large amounts of bark as a byproduct cur-
rently burned at the mill to produce power. However, aiming the valorization of pulp 
and paper side streams and integration of the biorefinery concept and circular econ-
omy, the extraction of polyphenolic compounds from E. globulus bark is a feasible 
option to increase the portfolio of products.

Several studies regarding the extraction of polyphenols from E. globulus bark 
employed water, methanol/ethanol, or aqueous alkaline mixtures as the extracting 
medium. The extraction of this family of compounds employing aqueous ethanol 
mixtures has been optimized by experimental design and two interesting extraction 
conditions established: a first one for the extraction optimization of polyphenolic 
compounds, quantified by Folin-Ciocalteu method (264  min, ethanol/water 
52:48 v/v, 82.5 °C) and a second one showing the best activity against breast cancer 
cells (360 min, ethanol/water 80:20 v/v, 82.5 °C). Membrane separation with poly-
meric membranes and adsorption onto a nonpolar adsorbent studies performed with 
the ethanolic extracts selected have demonstrated that these technologies can be 
applied to further concentrate the polyphenolic fraction of the extracts and improve 
its biological properties.

Keyword  Composition of polar extracts · Polyphenols · Water and alkaline 
extraction · Ethanol/water extraction · Fractionation · Membrane processing · 
Diafiltration and adsorption
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4.1  �Composition of Polar Extracts

The chemical composition of E. globulus bark was disclosed in Sect. 1.6, and it was 
referred that the bark extractives are mainly of polar nature accounting for 80–86% 
of the total extractives (Miranda et al. 2012, 2013; Neiva et al. 2014). Several stud-
ies have been conducted and demonstrated that polar extracts of E. globulus bark 
can be an important source for phenolic compounds. The presence of numerous 
phenolic compounds in Eucalyptus barks has been reported in several studies 
(Cadahía et al. 1997; Conde et al. 1995, 1996; Fechtal and Riedl 1991; Santos et al. 
2011; Yazaki and Hillis 1976), and herein the phenolic compounds identified in 
particular for E. globulus bark will be detailed.

The polyphenols or phenolic compounds are a complex group of aromatic plant 
metabolites that are widely distributed throughout the plant kingdom and possess 
important physiological and morphological functions in plants (Bravo 1998). In the 
specific case of barks, this group of compounds plays an important role in defense 
mechanisms (Balasundram et al. 2006).

The phenolic compounds are, in general, considered to be weak acids and pos-
sess at least one aromatic ring containing one or more hydroxyl groups. They can be 
categorized into several classes ranging from simple phenolic compounds (e.g., 
phenolic acids and aldehydes or flavonoids) to highly polymerized compounds 
(e.g., hydrolysable and condensed tannins or proanthocyanidins) (Bravo 1998). 
Sometimes, these compounds may occur as functional derivatives such as esters and 
methyl esters or can be present as conjugates with mono- and polysaccharides and 
are designated as glycosides.

The polyphenols are known for being bioactive compounds exhibiting antioxi-
dant, anti-inflammatory, antibacterial, antimicrobial, antithrombotic, and anticar-
cinogenic activities (Bravo 1998; Harborne and Williams 2000; Hertog et al. 1992; 
Meltzer and Malterud 1997; Mukhatar et al. 1988; Vázquez et al. 2008). The anti-
oxidant activity of the polyphenols is related with its capacity to scavenge free radi-
cals, donate hydrogen atoms or electrons, or chelate metal cations (Balasundram 
et al. 2006; Moure et al. 2001; Rice-Evans et al. 1997; Stevanovic et al. 2009; Takuo 
2005). Moreover, these compounds possess other appealing properties as natural 
specialty ingredients for food and beverage industries, nutrition, health, and per-
sonal cares industries (Pizzi 2008; Royer et al. 2013; Stevanovic et al. 2009; Zillich 
et al. 2015).

The polarity of the solvent used is detrimental for the type and amount of com-
pounds extracted. The less polar compounds from the bark, including the less polar 
flavonoids such as isoflavones, flavones, methylated flavones, and flavonols, can be 
extracted with chloroform, dichloromethane, diethyl ether, or ethyl acetate, while 
the flavonoid glycosides and more polar aglycones are extracted with alcohols or 
alcohol-water mixtures. Catechins, proanthocyanidins, and condensed tannins can 
be extracted either with water, methanol, ethanol, or acetone (Marston and 
Hostettmann 2006).

4  Polyphenols from Bark of Eucalyptus globulus
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Polar extracts of E. globulus bark are mainly composed of polyphenolic com-
pounds, and several studies have identified the presence of phenolic acids and esters, 
flavonoids, flavonoid glycosides, gallolylglucose derivatives, and ellagitannins 
(Cadahía et al. 1997; Conde et al. 1995, 1996; Eyles et al. 2004; Kim et al. 2001; 
Santos et al. 2011; Vázquez et al. 2012; Yazaki and Hillis 1976). In Table 4.1 it is 
summarized the phenolic compounds that have already been identified in E. globu-
lus bark, being several of them very valuable in the market and known for its impor-
tant biological activities, as, for example, taxifolin, ellagic acid, apigenin, and 
naringenin.

The composition of the polar extracts of E. globulus bark has been studied by 
several authors, and most of the published literature is related with the identification 
of the polyphenolic fraction after bark extraction with methanol, water, or aqueous 
methanol (Cadahía et al. 1997; Conde et al. 1995, 1996; Santos et al. 2011; Yazaki 
and Hillis 1976). It is important to note that the studies dedicated with studying the 
composition of polar extracts of Eucalyptus usually encompass a previous extrac-
tion step with hexane or dichloromethane for the removal of the lipophilic fraction 
and the less polar compounds. This is the case of the study of Santos et al. (2011), 
where a previous extraction step of the E. globulus bark with dichloromethane is 
performed prior to the bark extraction with methanol or aqueous methanolic solu-
tion. On the contrary, other studies dedicated with the identification of the polar 
extractives of bark perform subsequent extraction(s) or partition(s) step(s) with 
n-hexane, ethyl ether, chloroform, n-butanol, and/or water (Cadahía et  al. 1997; 
Conde et al. 1995, 1996; Kim et al. 2001; Yun et al. 2000) in order to concentrate 
and isolate the compounds.

The first study referring to the identification of polyphenols from polar extracts 
of E. globulus bark was performed by Yazaki and Hillis (1976) where several phe-
nolic acids, including free ellagic and gallic acids, catechin, and methyl and glyco-
syl derivatives of ellagic acid, have been identified, including two ellagic acid 
derivatives, 3-methyl-ellagic acid glucoside and 3-O-methyl-ellagic acid 4′-rham-
noside, in small and large amounts, respectively.

Later, the presence of phenolic acids (e.g., gallic, protocatechuic, ellagic, and 
vanillic acids), protocatechuic aldehyde, and several flavonoids (e.g., taxifolin, eri-
odictyol, quercetin, and naringenin) was reported in methanol/water 80:20%v/v 
extracts of E. globulus bark (Cadahía et al. 1997; Conde et al. 1995, 1996). In Conde 
et al. (1996), high variability of extraction yields was obtained according to geo-
graphical location and environmental conditions. After the extraction of the polar 
compounds with methanol/water 80:20%v/v, the ether-soluble fraction was ana-
lyzed in detail regarding its composition in phenolic compounds. About 7–41% of 
the extracted compounds in methanol/water were soluble in ether revealing the 
presence of some polymeric phenolic compounds such as condensed tannins that 
were extracted with the methanolic solution and did not solubilized in ether. The 
extracts were mainly composed of gallic and ellagic acids, eriodictyol, and several 
ellagitannins. Other compounds were also detected such as protocatechuic acid, 
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Table 4.1  Summary of phenolic compounds identified in E. globulus bark extractives and 
abundance

Name of
compound

Extraction
medium

Amount

References
mg g−1

extract

mg kg−1

dried bark

Phenolic acids, aldehydes, and esters

Protocatechuic
aldehyde

Methanol/water 
80:20%v/v

Detected Conde et al. (1996)

Protocatechuic
acid

Water 2.8 54.0 Santos et al. (2011)
Methanol 1.6 133.1 Santos et al. (2011)
Methanol/water 
80:20%v/v

Detected Conde et al. (1996)

Methanol/water 
50:50%v/v

2.1 194.1 Santos et al. (2011)

Vanillic acid Methanol/water 
80:20%v/v

Trace amounts Conde et al. (1996)

Quinic acid Water 2.5 47.6 Santos et al. (2011)
Methanol 1.5 120.3 Santos et al. (2011)
Methanol/water 
50:50%v/v

1.5 139.5 Santos et al. (2011)

Dihydroxyphenyl
acetic acid

Water 0.4 7.3 Santos et al. (2011)

Chlorogenic acid Water 5.2 101.0 Santos et al. (2011)
Methanol Detected Yazaki and Hillis 

(1976)
Methanol 6.0 492.9 Santos et al. (2011)
Methanol/water
50:50%v/v

13.4 1239.5 Santos et al. (2011)

Chlorogenic acid
isomer

Methanol Detected Yazaki and Hillis 
(1976)

Caffeic acid Water 5.0 97.0 Santos et al. (2011)
Ellagic acid Water Trace amounts Santos et al. (2011)

Detected Vázquez et al. (2012)
Methanol Detected Yazaki and Hillis 

(1976)
4.9 408.0 Santos et al. (2011)

Methanol/water 
80:20%v/v

Detected Conde et al. (1996)

Methanol/water 
50:50%v/v

5.1 471.0 Santos et al. (2011)

Gallic acid Water 3.5 67.9 Santos et al. (2011)
Methanol 3.4 280.8 Santos et al. (2011)

Detected Yazaki and Hillis 
(1976)

Methanol/water 
80:20%v/v

Detected Conde et al. (1996)
Detected Cadahía et al. (1997)

Methanol/water 
50:50%v/v

8.8 819.5 Santos et al. (2011)

(continued)
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(continued)

Table 4.1  (continued)

Name of
compound

Extraction
medium

Amount

References
mg g−1

extract

mg kg−1

dried bark

Flavonoids

Catechin Water 15.9 307.8 Santos et al. (2011)
Detected Vázquez et al. (2012)

Methanol 6.6 541.6 Santos et al. (2011)
Detected Yazaki and Hillis 

(1976)
Methanol/water 
80:20%v/v

Detected Yun et al. (2000)

Methanol/water 
50:50%v/v

14.2 1320.6 Santos et al. (2011)

Epicatechin Water Detected Vázquez et al. (2012)
Taxifolin MeOH 1.5 121.7 Santos et al. (2011)

Methanol/water 
80:20%v/v

Detected Conde et al. (1996)
Detected Yun et al. (2000)

Methanol/water 
50:50%v/v

7.8 721.6 Santos et al. (2011)

Mearnsetin Methanol 0.3 27.8 Santos et al. (2011)
Methanol/water 
50:50%v/v

0.4 35.3 Santos et al. (2011)

Eriodictyol Water Trace amounts Santos et al. (2011)
Methanol 6.9 568.5 Santos et al. (2011)
Methanol/water 
80:20%v/v

Detected Conde et al. (1996)
Detected Yun et al. (2000)

Methanol/water 
50:50%v/v

7.91 733.86 Santos et al. (2011)

Luteolin Methanol 2.31 190.1 Santos et al. (2011)
Methanol/water 
50:50%v/v

3.66 340.0 Santos et al. (2011)

Quercetin Methanol/water 
80:20%v/v

Detected Conde et al. (1995)
Detected Conde et al. (1996)

Isorhamnetin Water Detected Vázquez et al. (2012)
Methanol 3.98 327.8 Santos et al. (2011)
Methanol/water 
50:50%v/v

4.65 431.6 Santos et al. (2011)

Naringenin Methanol 0.79 65.2 Santos et al. (2011)
Methanol/water 
80:20%v/v

Detected Conde et al. (1995)
Detected Conde et al. (1996)

Methanol/water 
50:50%v/v

0.76 70.9 Santos et al. (2011)

Apigenin Methanol/water 
80:20%v/v

Detected Conde et al. (1996)

Several polymeric 
proanthocyanidins

Methanol/water 
80:20%v/v

Detected Cadahía et al. (1997)
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(continued)

Table 4.1  (continued)

Name of
compound

Extraction
medium

Amount

References
mg g−1

extract

mg kg−1

dried bark

Flavonol Methanol/water 
80:20%v/v

Detected Conde et al. (1995, 
1996)

Rhamnazin Methanol/water 
80:20%v/v

Detected Yun et al. (2000)

Rhamnetin Methanol/water 
80:20%v/v

Detected Yun et al. (2000)

Flavonoid glycosides

Isorhamnetin-hexoside Water Trace amounts Santos et al. (2011)
Methanol 1.53 126.4 Santos et al. (2011)
Methanol/water 
50:50%v/v

1.08 99.9 Santos et al. (2011)

Quercetin-hexoside Methanol 0.15 12.2 Santos et al. (2011)
Methanol/water 
50:50%v/v

0.63 58.8 Santos et al. (2011)

Quercetin-3-O-rhanonoside Water Detected Vázquez et al. (2012)
Myricetin-rhamnoside Methanol Trace amounts Santos et al. (2011)

Methanol/water 
50:50%v/v

Trace amounts Santos et al. (2011)

Isorhamnetin-rhamnoside Water 0.17 3.29 Santos et al. (2011)
Methanol 9.79 806.57 Santos et al. (2011)
Methanol/water 
50:50%v/v

10.00 927.64 Santos et al. (2011)

Aromadendrin-rhamnoside Methanol Trace amounts Santos et al. (2011)
Methanol/water 
50:50%v/v

0.79 73.52 Santos et al. (2011)

Phloridzin Methanol Trace amounts Santos et al. (2011)
Methanol/water 
50:50%v/v

0.75 69.87 Santos et al. (2011)

Mearnsetin-hexoside Methanol 1.07 88.10 Santos et al. (2011)
Methanol/water 
50:50%v/v

1.30 121.12 Santos et al. (2011)

Engelitin Methanol/water 
80:20%v/v

Detected Yun et al. (2000)

Hydrolysable tannins: gallotannins, ellagitannins, and derivatives

Methyl gallate Water 2.43 46.95 Santos et al. (2011)
Methanol 0.68 56.18 Santos et al. (2011)
Methanol/water 
80:50%v/v

Detected Yun et al. (2000)

Methanol/water 
50:50%v/v

1.50 139.25 Santos et al. (2011)

Bis(hexahydroxydiphenolyl)-
glucose

Water 0.83 16.1 Santos et al. (2011)
Methanol 0.68 56.4 Santos et al. (2011)
Methanol/water 
50:50%v/v

1.02 94.3 Santos et al. (2011)
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Table 4.1  (continued)

Name of
compound

Extraction
medium

Amount

References
mg g−1

extract

mg kg−1

dried bark

Galloyl-
bis(hexahydroxydiphenoyl)-
glucose

Water 4.99 96.4 Santos et al. (2011)
Methanol 7.23 595.9 Santos et al. (2011)
Methanol/water 
50:50%v/v

4.85 450.37 Santos et al. (2011)

Galloyl-hexahydroxydiphenoyl-
glucose

Water 9.04 174.42 Santos et al. (2011)
Methanol 9.27 764.15 Santos et al. (2011)
Methanol/water 
50:50%v/v

6.86 637.42 Santos et al. (2011)

Monogalloylglucose Water Detected Vázquez et al. (2012)
Digalloylglucose Water 6.35 122.64 Santos et al. (2011)

Detected Vázquez et al. (2012)
Methanol 17.95 1479.4 Santos et al. (2011)
Methanol/water 
50:50%v/v

17.77 1648.9 Santos et al. (2011)

Tri-galloyl-
glucose

Water Detected Vázquez et al. (2012)

Tetra- to 
tetradeca-galloyl-glucoses

Water Detected Vázquez et al. (2012)

3,4,5-Trimethoxyphenol 
−1-O-β-6´-O-galloyl 
glucopyranoside

Methanol/water 
80:20%v/v

Detected Yun et al. (2000)

Gallocatechin Methanol Detected Yazaki and Hillis 
(1976)

Several
ellagitannins

Methanol Detected Yazaki and Hillis 
(1976)

Methanol/water 
80:20%v/v

Detected Conde et al. (1995)
Detected Conde et al. (1996)
Detected Cadahía et al. (1997)

Methyl-ellagic
acid-pentose

Methanol Trace amounts Santos et al. (2011)
Methanol/water 
50:50%v/v

Trace amounts Santos et al. (2011)

3-Methylellagic
acid glucoside

Methanol Detected Yazaki and Hillis 
(1976)

3-O-Methylellagic acid 
4′-rhamnoside

Methanol Detected Yazaki and Hillis 
(1976)

3-O-Methylellagic acid 
3’-O-α-rhamnopyranoside

Methanol/water 
80:20%v/v

Detected Kim et al. (2001)

Several 
ellagic-acid-acetylrhamnosides

Methanol/water 
80:20%v/v

Detected Kim et al. (2001)

3-Methylellagic acid glucoside Methanol Detected Yazaki and Hillis 
(1976)
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protocatechuic aldehyde, quercetin, naringenin, apigenin, and taxifolin. Cadahía 
et al. (1997) have shown that the E. globulus bark is abundant in proanthocyanidins, 
and ellagitannins are abundant in E. globulus bark.

Kim et al. (2001) extracted the polar compounds of E. globulus stem bark with 
methanol/water 80:20%v/v solution and managed to isolate and identify four 
phenolic compounds with sequential partition with chloroform and ethyl acetate. 
The authors identified one compound as an ellagic acid rhamnoside and three 
ellagic acid acetylrhamnosides (3-O-methylellagic acid 3’-O-α-3”-O-
acetylrhamonopyranoside, 3-O-methylellagic acid 3’-O-α-2”-O-acetylrhamono-
pyranoside, 3-O-methylellagic acid 3’-O-α-4”-O-acetylrhamonopyranoside). The 
four compounds demonstrated reasonable antioxidant activities against lipid per-
oxidation in rat liver microsomes.

In a similar study, Yun et al. (2000) managed to extract and isolate from E. globu-
lus bark several phenolic compounds exhibiting significant to moderate antioxidant 
activity against peroxidation in rat liver microsomes. Rhamnazin, rhamnetin, erio-
dictyol, quercetin, and taxifolin have significantly inhibited the lipid peroxidation 
induced by nonenzymatic Fe(II)-ascorbic acid system.

Recently, Santos et al. (2011) reported, among other polyphenols, 16 new pheno-
lic compounds in E. globulus bark methanolic extracts, as, for example, quinic, 
dihydroxyphenylacetic, and caffeic acids, bis(hexahydroxydiphenoyl (HHDP))-
glucose, galloyl-bis (HHDP), galloyl-(HHDP)-glucose, isorhamnetin-hexoside, 
mearnsetin, phloridzin, mearnsetin-hexoside, luteolin, and a proanthocyanidin 
B-type dimer. In this study polyphenols were identified and quantified after a 
sequential bark extraction with methanol and water, and with a methanol/water 
(50:50 v/v) solution. Similar extraction yields were obtained for both methanol and 
aqueous/methanol extracts of 9.28% and 8.24%, respectively. On the contrary, the 
extract obtained with water, after a previous extraction with methanol, exhibited 
significantly less extraction yield (1.93%), probably because the majority of the 
compounds were previously extracted with methanol. The same trend was observed 
regarding the polyphenols quantified by HPLC-UV where about 10851.52, 7279.34, 
and 1142.26 mg kg−1

bark of polyphenols were quantified for methanol/water mixture, 
methanol, and water extracts, respectively. In terms of mg g−1 extract (i.e., selectivity 
of extraction), the content in total phenolic compounds identified was of 116.93, 
88.34, and 59.18  mg  g−1 extract, for methanol/water mixture, methanol, and water 
extracts, respectively. In accordance, total phenolic compounds quantified by the 
Folin-Ciocalteu method were higher for methanol/water extract (413.8  mgGAE 
g−1

extract), immediately followed by methanol extract (409.7 mgGAE g−1
extract) and sig-

nificantly less for the water extract (115.3 mgGAE g−1
extract).

In Table 4.1 it is summarized the amount of each phenolic compound quantified 
by HPLC-UV. In the aqueous/methanol extract, the main compounds identified 
were digalloylglucose, isorhamnetin-rhamnoside, and galloyl-HHDP-glucose, cor-
responding to about 39% of the identified compounds. In the methanolic extract, 
about 42% of the identified compounds corresponded to digalloylglucose, catechin, 
and chlorogenic acid. The major components identified in the water extract were 
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catechin, galloylhexahydroxyphenoyl-glucose, and digalloylglucose, representing 
about 53% of the identified compounds.

The polyphenol composition of E. globulus bark extracts obtained with super-
critical fluid extraction employing CO2 modified with 15% ethanol has also been 
studied (Santos et al. 2012). Detailed characterization of this extract was performed, 
and although the extraction yield and phenolic compounds’ content estimated by 
the Folin-Ciocalteu method (0.32% and 33.10  mgGAE g−1

extract) was significantly 
lower than employing more polar solvents (e.g., 50% methanol/ethanol/water solu-
tions, 9.28/9.79% and 407.41/159.58 mgGAE g−1

extract), the authors have observed that 
the CO2 modified with ethanol was the most selective one for the extraction of eri-
odictyol, naringenin, and isorhamnetin, accounting for about 72% of all compounds 
identified by HPLC.  In this work, methyl ellagic acid was identified for the first 
time.

Several polygalloyl-glucoses (gallotannins), catechin, epicatechin, ellagic acid, 
quercetin-3-O-rhamnoside, and isorhamnetin were identified in aqueous extracts of 
E. globulus bark by Vazquez et al. (2012), and these extracts revealed ferric reduc-
ing antioxidant power (FRAP) antioxidant activity.

4.2  �Extraction of Polyphenols

Tree barks can be explored as raw material to extract several polyphenols with 
important applications. The extraction of polar compounds from E. globulus bark 
and characterization of the extracts obtained are addressed herein, mainly focused 
on applying water, alkaline solutions, ethanol, and its mixtures as the extracting 
media. Literature is extensive, and due to the natural heterogeneity of the plant 
material, data must be carefully compared. Moreover, the operating conditions for 
the extraction of polyphenolics, such as temperature, time of extraction, solvent 
used, and liquid-solid ratio, among others, also influence the quality and the yield of 
extraction obtained.

4.2.1  �Water and Alkaline Extractions: Selectivity 
and Concentration Strategy

Table 4.2 summarizes the existing literature regarding the E. globulus bark extrac-
tions with water and alkaline solutions displaying the respective extraction yields, 
phenolic compound content (TPC), and formaldehyde-condensable tannins (fcT) 
obtained for different extraction conditions such as solid/liquid ratio, tempera-
ture, and time of extraction. TPC values are either expressed as %w/wbark, which 
corresponds to a measure of the extraction yield of polyphenols, or as %w/wextract, 
which is a measure of the extraction selectivity or extraction purity for polyphenols. 
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The fcT measures the formaldehyde-condensable polyphenol content assessing the 
potential of the extract for wood adhesives.

Several studies have demonstrated that TPC and FRAP antioxidant activity in 
extracts of different plants are linearly correlated (Maksimovic et al. 2005; Thaipong 
et al. 2006; Vázquez et al. 2009, 2012; Velioglu et al. 1998) probably explained by 
similarities of the methodologies employed (Folin-Ciacalteu and FRAP methods). 
For E. globulus bark extracts, positive correlations between both parameters are 
observed as well, with coefficients of determination between 0.658 and 0.8915 
(Vázquez et  al. 2008, 2012). The same linear behavior can be observed for the 
experiments summarized in Table 4.2, regardless of the solvent employed (Fig. 4.1), 
with a coefficient of determination 0.8805.

Regarding the use of water as the extracting medium, it is observed an almost 
linear trend between the bark total extractable content and the temperature increase, 
regardless of the other extraction conditions. This is somewhat expected since the 
temperature increase favors the diffusion of the solvent, the swelling of the matrix, 
and the solubility of compounds.

The highest total extraction yield is obtained at 140 °C of 17.7%w/wdried bark. This 
trend is also observed for the extraction yield of TPC, with the exception of the 
experiments performed by Mota (2011), where the TPC yields obtained at room and 
boiling temperatures are somewhat higher than the values expected by following the 
linear trend. This deviation could be attributed to bark heterogeneity and to the dif-
ferent extracting times and solid/liquid ratios employed, which can influence the 
solubility of the phenolic compounds in solution and affect the extraction yield and/
or degradation of the phenolic compounds since they are known for being 
thermal-sensitive.

In Mota et  al. (2012) experimental design study, it was also obtained a linear 
response between the total extraction (Fig. 4.2a) and TPC extraction (Fig. 4.2b) yields 
as a function of time and temperature. It is possible to observe from the response 

Fig. 4.1  FRAP content versus TPC in the extract
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surfaces that higher temperature and extraction times promote the extraction of com-
pounds from bark and it is in accordance to the abovementioned observation.

Overall, considering all literature data, E. globulus bark water extractions per-
formed at room temperature or 25 °C exhibit lower total extraction yields ranging 
from 1.93 to 2.45%w/wdried bark than the experiments performed at higher tempera-
tures comprehended between 4.4 and 17.7%%w/wdried  bark. The same trend is 
observed for the extraction yields of the phenolic compounds (%gGAE/gdried bark) 
where yields of TPC have increased from 0.22% to 0.75% (at room T/25 °C) to 
0.88–2.18% (100–140 °C).

In terms of selectivity of extraction of TPC with antioxidant activity in aqueous 
media, a negative effect of the temperature occurs because the phenolic compounds 
are thermal-sensitive and higher temperatures promote the co-extraction of other 
compounds. In the response surfaces obtained by Mota et al. (2012) regarding the 
selective extraction of TPC (Fig. 4.2c) and the particular family of polyphenols, fcT 
(Fig.  4.2d), it was well perceived that higher temperatures were prejudicial. 
Moreover, it was also observed that there is a trade-off between temperature and 
extracting time in order to selectively extract TPC. According to Fig. 4.2c, if lower 

Fig. 4.2  Response surfaces obtained for aqueous E. globulus bark extractions employing water as 
extracting solvent. (a) Total solids, (b) extraction yield (%w/wdried bark) of total phenolic compounds 
(TPC) and selectivity of extraction (%w/wextract) of (c) TPC, (d) formaldehyde-condensable tannins 
given by Stiasny number (SN), and (E) total carbohydrates (TC)
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Proanthocyanidins (Pac) are particular class of polyphenols known for being bio-
active compounds. In Table 4.3 it is summarized the literature data on Pac content 
obtained for some aqueous bark extractions where it is possible to observe that the 
extraction yield of these compounds is considerably lower regarding the overall 
extraction, therefore, allowing to conclude that water is not a good media to extract 
this type of polyphenols probably attributed to the hydrophobic character of this 
family of compounds. In fact, Mota et al. (2012) have demonstrated that the extrac-
tion of PAC is enhanced with ethanolic solutions and that water is a good medium 
to extract more hydrophilic compounds (e.g., carbohydrates).

Extractions with alkaline solutions have been applied focused on obtaining anti-
oxidant compounds from several different matrixes (Vázquez et  al. 2008, 2009, 
2012) including E. globulus bark (Table 4.2).

In general, the extraction yields obtained employing alkaline solutions increase 
with the temperature increase, similarly to what was observed for experiments using 
water as the extracting medium. This statement has also been noted in Vazquez et al. 
(2009) study. Moreover, analyzing the total and TPC extraction yields obtained 
using alkali solutions, there is a greater dispersion of results attributed not only to 
the operational conditions such as extraction temperature, time, and solid/liquid 
ratio but also related to the type of salt employed and its concentration. Literature 
data contemplates the use of salts of NaOH, Na2SO3, and/or Na2CO3.

When alkaline solutions are employed as the extracting media instead of water, 
it is possible to retrieve from the literature data (Fig. 4.2a) that, in general, similar 
or higher total extraction yields of 24.8–16.0% are attained employing alkaline 
solutions at temperatures ranging from 70 to 100 °C. In alkali conditions, the high-
est extraction yield of 24.80% is achieved employing a 1% NaOH at boiling point 
for 1 h and solid/liquid ratio of 1:200 (kg/L). Vazquez et al. (2012) used a mixture 
of 3% NaOH and 1.5% Na2SO3, achieving an extraction yield of 21.9% at 100 °C 
for 1 h and solid/liquid ratio of 1:15 (%w/w). These values are higher than the maxi-
mum extraction yield obtained with water (17.7% at 140 °C). The next set of experi-
ments also achieving good extraction yields between 18.9% and 16.0% are obtained 
employing 0.1% NaOH, 10% NaOH, and a mixture of 5% NaOH–5% Na2SO3.

However, the use of alkaline solutions did not improve the TPC extraction yield 
(Fig.  4.2b) and, more noteworthy, did not improve the extraction selectivity 
(Fig. 4.2c) for this family of compounds, which means that the extraction of the 
other type of compounds is being favored by the inclusion of salts into the extract-
ing medium and that the alkaline extracting medium is less selective for the extrac-
tion of polyphenols than employing water. Through Fig.  4.2d, it is possible to 
retrieve that the alkaline extract containing the highest content of TPC in the extract 
(18.64%gGAE/gextract) is achieved for 2.5% Na2SO3 extracting medium, correspond-
ing to almost half the maximum content achieved employing water (30.6%gGAE/
gextract).

In accordance, Vazquez et  al. (2012) applied a full 23 experimental design to 
evaluate the influence of temperature (90–100  °C) and NaOH (1.5–4.5%) and 
Na2SO3 (0–3%) concentrations on the extraction yield and selectivity for TPC with 
antioxidant activity and have demonstrated that NaOH concentration increase favors 
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Table 4.2  Extraction yields of E. globulus bark employing water or alkaline solutions at different 
extracting conditions and respective total phenolic compounds (TPC) content and formaldehyde-
condensable tannins (fcT)

Solvent
Extraction 
conditions

Ext. 
yield
%w/ 
wdried bark

TPC
% gGAE/
gext

TPC
% gGAE/
gdried bark

fcT 
%w/wext References

Water Room T; 48 h;
1:120 (kg/L)

2.45 30.6 0.75 – Mota (2011)

Room T; 24 h;
1:100 (w/v)

1.93 11.53 0.22 – Santos et al. 
(2011)

25 °C; 3.3 h;
1:8 (kg/L)

2.3 10.3 0.24 5.40 Mota et al. 
(2012)

82.5 °C; 0.5 h;
1:8 (kg/L)

4.4 20.0 0.88 16.08 Mota et al. 
(2012)

82.5 °C; 6 h;
1:8 (kg/L)

5.7 17.2 0.99 18.64 Mota et al. 
(2012)

90 °C; 1 h;
1:15 (w/w)

6.8 18.09 1.23 37.6 Vázquez et al. 
(2008, 2009)

bp; 3 h;
1:120 (kg/L)

8.14 26.8 2.18 – Mota (2011)

140 °C; 3.3 h;
1:8 (kg/L)

17.7 10.9 1.93 6.38 Mota et al. 
(2012)

120 °C; 3 h;
0.5:4 (kg/L)

8.0 ≈ 25 ≈2 – Pinto et al. 
(2013)

140 °C; 3 h;
0.5:4 (kg/L)

14.0 ≈ 13 ≈1.8 – Pinto et al. 
(2013)

0.1% NaOH bp; 1 h;
1:200 (kg/L)

16.00 6.9 1.10 – Mota (2011)

80 °C; 3 h;
0.5:4 (kg/L)

≈ 6 15.6 ≈ 1.25 – Pinto et al. 
(2013)

120 °C; 3 h;
0.5:4 (kg/L)

≈ 9 22.6 ≈ 2 – Pinto et al. 
(2013)

140 °C; 3 h;
0.5:4 (kg/L)

11.2 20.1 ≈ 2.25 – Pinto et al. 
(2013)

0.5% NaOH 80 °C; 3 h;
0.5:4 (kg/L)

≈ 8.5 ≈ 18.8 ≈ 1.6 – Pinto et al. 
(2013)

120 °C; 3 h;
0.5:4 (kg/L)

≈ 12 ≈ 
25–27.1

≈ 3–3.25 – Pinto et al. 
(2013)

140 °C; 3 h;
0.5:4 (kg/L)

≈15 ≈ 25 ≈ 3.75 – Pinto et al. 
(2013)

1% NaOH bp; 1 h; 1:200 
(kg/L)

24.80 7.7 1.92 – Mota (2011)

2.5% NaOH 70 °C; 1 h;
1:15 (w/w)

9.8 5.43 0.53 23.1 Vázquez et al. 
(2009)

90 °C; 1 h;
1:15 (w/w)

10.8 8.77 0.95 23.5 Vázquez et al. 
(2009)

(continued)
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Table 4.2  (continued)

Solvent
Extraction 
conditions

Ext. 
yield
%w/ 
wdried bark

TPC
% gGAE/
gext

TPC
% gGAE/
gdried bark

fcT 
%w/wext References

10% NaOH 70 °C; 1 h;
1:15 (w/w)

16.4 3.63 0.60 14.3 Vázquez et al. 
(2009)

90 °C; 1 h;
1:15 (w/w)

18.9 5.40 1.02 16.5 Vázquez et al. 
(2009)

1.5% Na2SO3 90 °C; 1 h;
1:15 (w/w)

4.3 21.2 – – Vázquez et al. 
(2012)

100 °C; 1 h;
1:15 (w/w)

7.1 22.8 – – Vázquez et al. 
(2012)

2.5% Na2SO3 70 °C; 1 h;
1:15 (w/w)

6.8 14.39 0.98 28.9 Vázquez et al. 
(2009)

90 °C; 1 h;
1:15 (w/w)

8.55 18.64 1.59 35.5 Vázquez et al. 
(2008, 2009)

4.5% Na2SO3 90 °C; 1 h;
1:15 (w/w)

8.2 16.8 – – Vázquez et al. 
(2012)

100 °C; 1 h;
1:15 (w/w)

7.8 17.9 – – Vázquez et al. 
(2012)

10% Na2SO3 70 °C; 1 h;
1:15 (w/w)

6.8 9.15 0.62 9.7 Vázquez et al. 
(2009)

90 °C; 1 h;
1:15 (w/w)

10.2 12.48 1.27 15.3 Vázquez et al. 
(2009)

1.5% NaOH/3% 
Na2SO3

95 °C; 1 h;
1:15 (w/w)

15.2 14.0 – – Vázquez et al. 
(2012)

2.5% NaOH/2.5% 
Na2SO3

70 °C; 1 h;
1:15 (w/w)

7.9 7.15 0.56 8.9 Vázquez et al. 
(2009)

90 °C; 1 h;
1:15 (w/w)

12.3 9.17 1.13 12.0 Vázquez et al. 
(2009)

3% NaOH/1.5% 
Na2SO3

90 °C; 1 h;
1:15 (w/w)

17.5 8.6 – – Vázquez et al. 
(2012)

100 °C; 1 h;
1:15 (w/w)

21.9 11.8 – – Vázquez et al. 
(2012)

3% NaOH/4.5% 
Na2SO3

90 °C; 1 h;
1:15 (w/w)

16.2 12.8 – – Vázquez et al. 
(2012)

100 °C; 1 h;
1:15 (w/w)

14 8.2 – – Vázquez et al. 
(2012)

5% NaOH/5% 
Na2SO3

70 °C; 1 h;
1:15 (w/w)

13.3 5.02 0.67 5.3 Vázquez et al. 
(2009)

90 °C; 1 h;
1:15 (w/w)

16.2 6.56 1.06 5.2 Vázquez et al. 
(2009)

2.5% 
Na2CO3/2.5% 
Na2SO3

90 °C; 1 h;
1:15 (w/w)

10.7 10.30 1.10 14.3 Vázquez et al. 
(2009)

5% Na2CO3/5% 
Na2SO3

90 °C; 1 h;
1:15 (w/w)

10.7 5.52 0.59 5.1 Vázquez et al. 
(2009)

GAE gallic acid equivalent, AAE ascorbic acid equivalent, bp boiling point
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temperatures are applied, then longer times must be applied to optimize the response, 
or, on the other hand, if higher temperatures are used, the longer times should be 
avoided in order to prevent degradation of the compounds. For the fcT the extraction 
time did not exert influence.

In Mota et  al. (2012,  2013), it was also demonstrated that the temperature 
increase favors the co-extraction of carbohydrates (Table  4.3 and Fig.  4.2e) and 
thus, the extraction performed at 140 °C, having the highest total extraction yield, is 
the experiment showing the highest carbohydrate content (50.9%w/wextract) in the 
extract and one of the lowest content in TPC (10.9%w/wextract).

Among the literature data, the best two sets of extraction conditions selectively 
extracting TPC are (1) at room temperature for 48 h (30.6% gGAE/gextract) and (2) at 
boiling temperature for 3 h (26.8% gGAE/gextract). It is possible to perceive that higher 
temperatures can selectively enhance the extraction of TPC with less extraction 
time.

Table 4.3  Proanthocyanidins (Pac) and total carbohydrate content (TC) in E. globulus bark 
aqueous extract

Solvent
Extraction
conditions

Pac
% wMEE/wdried bark

Pac
% wMEE/wextract

TC
% w/wextract

Tannins
% w/wbark

Water 25 °C; 3.3 h;
1:8 (Kg/L)

0.01 0.4 22.4 –

82.5 °C; 0.5 h;
1:8 (Kg/L)

0.16 3.7 26.7 –

82.5 °C; 6 h;
1:8 (Kg/L)

0.10 1.8 35.4 –

140 °C; 3.3 h;
1:8 (Kg/L)

0.16 0.9 50.9 –

120 °C; 3 h;
0.5:4 (Kg/L)

– – – ≈ 1.8–2

140 °C; 3 h;
0.5:4 (Kg/L)

– – – ≈ 2.25

NaOH 0.1% 80 °C; 3 h;
0.5:4 (Kg/L)

– – – 1.2

120 °C; 3 h;
0.5:4 (Kg/L)

– – – 2–2.25

140 °C; 3 h;
0.5:4 (Kg/L)

– – – –

NaOH 0.5% 80 °C; 3 h;
0.5:4 (Kg/L)

– – – –

120 °C; 3 h;
0.5:4 (Kg/L)

– – – 2.5

140 °C; 3 h;
0.5:4 (Kg/L)

– – – –

Mota et al. (2012), Pinto et al. (2013)
MEE mimosa extract equivalents, Pac, butanol-HCl method, Tannins, hide-powder method
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the overall extraction yield but diminishes the selectivity for TPC with antioxidant 
compounds. Therefore, regarding their experimental design, the best conditions 
selectively extracting TPC with antioxidant activity correspond to the lowest con-
centrations of Na2SO3 (0%) and NaOH (1.5%) and highest temperature (100 °C). 
Additionally, the authors have showed that the extracts with higher antioxidant 
activity corresponded to those having lower molecular weight.

With regard to condensed tannins, through Fig. 4.2d, it is possible to observe that 
the type of salt and concentration significantly affect the extract potential for wood 
adhesives. NaOH solutions and 2.5% Na2SO3 solutions promote the extraction of 
condensable tannins, and, on the contrary, employing higher concentrations of 
Na2SO3 and salt combinations of NaOH, Na2SO3, and Na2CO3 has a negative influ-
ence in the content of condensable tannins. In Vázquez et al. (2009) study, it has 
been demonstrated that the alkalinity conditions decrease the quality of the con-
densable tannins and the authors have attributed to a probable increase of the 
extraction of non-condensed tannins. In fact, E. globulus bark is known for being 
rich in hydrolysable tannins (ellagi- and gallotannins), as discussed before in 4.1.

Water extraction performed at 90 °C is the experiment obtaining the highest SN 
of 37.6, followed by 2.5% Na2SO3 aqueous solution and 2.5% NaOH with a SN of 
35.5 and 23.5, respectively. The remaining aqueous and alkaline solution studies 
applied have a SN inferior to 20.

Pinto et al. (2013) also have studied the E. globulus bark extractions with water 
and weak alkaline solutions mainly focused in the extraction of tannins, a particular 
family of polyphenolic compounds with applications in leather tanning and adhe-
sive formulation (Pizzi 2008). The tannin content of the extracts obtained was eval-
uated by the hide-powder method (values summarized in Table 4.3), assessing the 
potential of the bark extracts for leather tanning applications, and TPC content was 
measured by the Folin-Ciocalteu method (indicated in Table 4.2). Similar to other 
studies, the authors have observed that the increase of the extraction temperature 
favored the overall extraction yields for both water and alkaline solutions employed 
(NaOH 0.1% and 0.5%). Moreover, the NaOH revealed a favorable effect on the 
TPC extraction allowing to conclude that the alkali solutions improve mass transfer 
due to bark matrix swelling.

Regardless of the solvent employed, the authors have reached a maximum tannin 
yield level of approximately 2%wt, corresponding to an overall extraction yield of 
10%wt and a TPC extraction yield of 2%wt. After that, extraction conditions lead-
ing to higher yields promote the co-extraction of other compounds, consequently 
decreasing the selectivity for tannins.

Taking into account these findings, the authors did not observe advantages of 
employing alkaline solutions to obtain an extract rich in tannins suitable for leather 
tanning applications and selected water as the best extraction medium once it was 
possible to achieve the maximum extraction selectivity and simultaneously avoid a 
further neutralization step that alkaline extracts would require. The best conditions 
selected for extracting tannins were aqueous media at 140 °C for 120 min and an 
extract containing 2.6 g/L and 2.5 g/L of tannins and TPC, respectively.
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The studies pursued with consecutive extractions of fresh bark at the previously 
selected optimum conditions in an attempt to concentrate the tannin content up to 
10 g/L, the typical value employed in retanning applications. This concentration 
strategy allowed achieving a final concentrated extract containing 8.5 g/L of TPC 
and 6.5  g/L of tannins, after performing seven extraction cycles. Although the 
authors observed that this strategy was more effective in concentrating compounds 
of phenolic nature with no tanning activity, preliminary trials revealed the potential 
of the final concentrated extract in leather retaining, detailed in Sect. 4.2.3.

4.2.2  �Ethanol/Water Extraction: Process Optimization 
for Phenolic Compounds

Organic solvents are often applied to extract antioxidant compounds from natural 
sources such as leaves, barks, fruits, etc. Besides the high solubility for polar com-
pounds with important biological properties, they have the clear advantage of sol-
vent recycling by distillation or evaporation.

Regarding E. globulus bark, it has been developed studies employing methanol, 
ethanol, or their mixtures with water. New market trends recommend the use of 
environmental friendly solvents to recover natural oxidants, and thus, ethanol, 
water, and their mixtures are a very attractive choice.

In Table 4.4 it is summarized the existing literature data for the extraction studies 
performed with ethanol aqueous mixtures as the extracting solvents. It is possible to 
perceive from all ethanol/water mixtures employed that the higher the water con-
tent, extraction time, and temperature, the higher the overall extraction and TPC 
yields are. The best set of conditions achieving the highest overall and TPC extrac-
tion yields of 19.4 and 4.0%w/w, respectively, were 140 °C and 6 h.

For the maximum extraction selectivity of TPC with FRAP antioxidant activity, 
the combination between time and temperature is important. For temperature higher 
than 82.5 °C, prolonging the extraction time should be avoided since TPC content 
in the extract decreases. On the contrary, for 25 °C, extending the extraction time 
from 0.5 h to 6 h, the TPC in the extract increased from 12.2 to 30.8%gGAE. The 
selectivity for obtaining Pac and fcT from E. globulus bark is favored by the pres-
ence of ethanol.

Mota et al. (2012) used experimental design to optimize the extraction of poly-
phenols from E. globulus bark employing ethanol water mixtures and understand 
the influence of the extraction time (30–360 min), temperature (25–140 °C), and 
ethanol percentage in water (0–80%v/v). The authors have successfully found 
second-order polynomial equations to describe and predict the extraction yield as 
well as yield of extraction of TPC, FRAP antioxidant compounds, and Pac and 
respective contents in the extract as a function of time, temperature, and ethanol % 
of extraction. Moreover, the potential of the extracts for adhesives formulation and 
the co-extraction of carbohydrates were also assessed.
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A scheme of the main conclusions is portrayed in Fig. 4.3. Moreover, from the 
experimental design, the authors have concluded that according to the extraction 
conditions, different responses could be optimized (Mota et al. 2012). The authors 
have found that water was the best extracting medium to maximize the overall 
extraction yield of compounds from E. globulus bark and promote the carbohydrate 
content in the extract. The predicted maximum yield of extraction (21.7%w/wdried 

bark) and carbohydrate content in the extract (51.0%w/wextract) are obtained for water 
at maximum extraction time and temperature studied for 360  min and 140  °C, 
respectively.

The extraction of polyphenolic compounds is favored by ethanol/water mixtures 
between 40% and 53%. Moreover, the maximum extraction yields of TPC with 

Table 4.4  Extraction yields of E. globulus bark employing ethanolic mixtures and respective 
phenolic compounds content (TPC), antioxidant activity (FRAP), and Stiasny number (SN)

Solvent
Extraction
conditions

Ext. 
Yield
%w/
wdried bark

TPC
%gGAE/
gdried bark

TPC
%gGAE/
gext

FRAP
nmolAAE/
mgext

PAC
%gMME/
gext SN

TC
%g/
gext

Ethanol/
water
40:60%v/v

25 °C; 
0.5 h;
1:8 (kg/L)

2.8 0.3 12.2 900 7.2 14.7 22.3

25 °C; 6 h;
1:8 (kg/L)

3.2 1.0 30.8 2100 8.8 17.6 22.5

140 °C; 
0.5 h;
1:8 (kg/L)

8.3 2.0 23.9 1400 9.2 32.6 35.6

140 °C; 6 h;
1:8 (kg/L)

19.4 4.0 20.7 1200 6.8 33.2 38.9

83 °C; 
3.3 h;
1:8 (kg/L)

5.7 1.8 31.1 2000 14.2 22.3 32.3

Ethanol/
water
52:48%v/v

83 °C; 
4.4 h;
1:8 (kg/L)

5.2 1.7 30.4 2160 14.2 40 21.2

Ethanol/
water
80:20%v/v

83 °C; 
0.5 h;
1:8 (kg/L)

3.2 0.7 21.0 1500 7.4 20.5 32.5

83 °C; 6 h;
1:8 (kg/L)

4.3 1.1 25.9 1800 13.9 18.7 44.5
6.0 1.8 29.6 – 20.4 21.2a 33

25 °C; 
3.3 h;
1:8 (kg/L)

2.3 0.4 15.5 0.9 3.2 19.7 27.0

140 °C; 
3.3 h;
1:8 (kg/L)

7.6 2.4 31.4 1.9 9.7 26.3 33.6

Baptista et al. (2015); Mota et al. (2012)
areducing sugars, DNS method

4  Polyphenols from Bark of Eucalyptus globulus



137

antioxidant activity and Pac are obtained for the maximum extraction time and tem-
perature studied for 360 min and 140 °C. However, with respect to extraction selec-
tivity, it was observed that milder temperatures (70–90 °C) are the most suitable 
choice. The optimal operating conditions found for TPC content in the extract were 
found to be for 264 min, 82.5 °C, and 52% ethanol, and similar extraction condi-
tions were obtained for the extraction of FRAP antioxidant compounds (310 min, 
72.4 °C, and 52% ethanol). The highest content on Pac in the extract is achieved for 
360 min, 87.3 °C, and 53% ethanol.

The condensable tannins with formaldehyde given by the Stiasny number were 
selectively extracted employing the highest ethanol content studied (80%) for 
360 min at 101.5 °C.

4.2.3  �Screening for Valuable Applications: Tanning Properties 
and Biological Activity

Plants contain several compounds that can be considered as potentially safe natural 
antioxidants to be applied in food and pharmaceutical industries and cosmetics. 
Some of these compounds have been identified as polyphenols and have been 

Fig. 4.3  Summary of experimental design study performed by Mota et al. (2012) about the effect 
of the independent variables time, temperature, and ethanol percentage on the different dependent 
variables studied
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related to provide protection against several diseases due to their antioxidant prop-
erties (Moure et al. 2001).

In the previous sections, it has been disclosed that polar E. globulus bark extracts 
are very rich in polyphenols manifesting antioxidant activity (Mota et  al. 2012; 
Vázquez et al. 2009, 2012) and was observed that the extracting conditions such as 
temperature and extracting medium can influence the antioxidant activity. Studies 
related with other natural extracts also demonstrated that the extracting conditions 
affect the biological properties of the extract. Moreover, polymeric polyphenols are 
more powerful antioxidants than simple monomeric phenolic compounds (Moure 
et al. 2001); it has already been demonstrated that the condensed and hydrolysable 
tannins have higher ability at quenching peroxyl radicals than simple phenols 
(Hagerman et al. 1998), and the higher is the degree of polymerization, the stronger 
can be the scavenging activity (Yamaguchi et  al. 1999) or the inhibition of lipid 
peroxidation (García-Conesa et al. 1999). Many compounds identified in methano-
lic/aqueous extracts are known for having important biological activities, which are 
the case of several flavonoids identified, as, for instance, naringenin, taxifolin, or 
ellagic acid (García-Niño and Zazueta 2015; Ito et al. 1999; Rice-Evans et al. 1996; 
Vattem and Shetty 2005; Wilcox et al. 1999). Nevertheless, the synergetic effects of 
the different polyphenolics extracted and the purity of the compound(s) also can 
affect the properties of the extract obtained, and thus, the biological activities of the 
extracts must be evaluated.

Tannins are natural products of relatively high molecular weight with the ability 
to complex with carbohydrates and proteins. There is a great demand of these com-
pounds for leather manufacturing and medical and pharmaceutical applications, and 
as adhesives, additives, flotation agents, and cement plasticizers (Pizzi 2008).

Several studies demonstrate that it is possible to obtain tannins condensable with 
formaldehyde from E. globulus bark and that they can be good replacements to 
phenol in phenol-formaldehyde adhesives in the synthesis of wood adhesives. 
However, if these extracts are to be considered to be used as wood adhesives, it is 
important to eliminate the carbohydrate fraction of the extracts.

Mota et al. (2012) study indicated that the presence of ethanol and temperature 
is a significant parameter to extract tannins condensable with formaldehyde with 
great potential to be applied in adhesive formulation. The conditions optimizing the 
extraction of this type of compounds corresponded to 80% ethanol and 100 °C. These 
extracting conditions were also important to obtain bark extracts with biological 
activity against breast cancer cells and will be detailed bellow.

Tanning Properties
Leather tannin refers to the sequence of steps involved in converting animal hides or 
skins into finished leather. Initially, the hides are submitted to a series of steps aim-
ing to clean and prepare it for tannin. Then the tanning agent combines with the 
collagen molecules, converting the protein of the raw hide or skin into a more stable 
and resistant material suitable for several end-applications. Additionally, leather can 
be retanned, dyed, or fatliquored according to the type of product to be obtained 
(Thorstensen 1993).
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The acid salts of trivalent chromium are the most common tanning agents 
employed followed by the forest-derived natural vegetable tannins, both accounting 
for about 90% of the leather manufactured today (Covington 1997; Pizzi 2008). The 
first product is mainly used to manufacture soft leathers suitable for shoe uppers and 
for leather bags, and the latter to obtain more heavy, rigid, and hard leathers suitable 
for shoe soles, saddles, belts, and other products subject to intensive wear. Vegetable 
tannins and synthetic tannins are applied in either leather tanning or retanning pro-
cesses. Other products employed to produce specific types of leather are aldehydes 
(e.g., formaldehyde or glutaraldehyde) and sulfonated synthetic polymers (e.g., acid 
phenol-formaldehyde novolac-type resins and other synthetic resins and compounds 
such as acrylics, oxazolidines, and aminoplastic resin).

Although, chromium salts have the enormous drawback of pollution problems 
and legislation is becoming more restricted regarding the application of this type of 
agents, the quest to find other suitable replacements is still undergoing (Pizzi 2008). 
Additionally, traditional leather tanning processes are being improved to be more 
environmentally friendly and to promote chemical recycling (Covington 1997).

On the other hand, leather produced with vegetable tannins has been limited due 
to the darkening problems when the product is exposed to light or shrinking prob-
lems occurred at lower temperatures. This problem is being overcome with the com-
bination with aminoplast melamine-urea-formaldehyde (MUF) resins to reduce 
photooxidation and achieve leather shrinkage temperatures matching the chromium 
salt leathers (Pizzi 2008).

Vegetable tannins such as mimosa, chestnut tree, and quebracho extracts and 
synthetic tannins have been typically used for leather tanning and retanning 
(Covington 1997). Typically employed vegetal extracts in retanning procedures 
contain about 70% tannins and a concentration of about 10 g/L.

Pinto et  al. (2013) demonstrated that concentrated aqueous E. globulus bark 
extract has potential to be applied in leather retanning with a comparable perfor-
mance to chestnut extracts. The authors have applied a concentrated bark aqueous 
extract containing 6.5 g/L of tannins (0.74%wtannin/wleather) under similar conditions 
employed with commercial tannins, and comparable tear and tensile strengths and 
elongation at break to chestnut extract were obtained: 120 N tear strength, ≈ 20 
Nmm2 tensile strength, and 70% elongation at break. E. globulus bark extract astrin-
gency was comparable to that of the chestnut extract, and its application in leather 
retanning has resulted in leather with high fullness, large grain, and less break pipi-
ness, well suitable for the production of leather articles like box calf and nubuck.

Mota et al. (2012) preliminary screening for biological activity of E. globulus 
bark extracts demonstrated the potential of aqueous/ethanol extracts to reduce 
human breast cancer cell proliferation.

In Table 4.5 it is summarized for several bark extracts obtained by the authors the 
IC50 values, i.e., the extract concentration necessary to reduce in 50% the 
proliferation of breast cancer cells MDA-MB-231. The authors observed that water 
was not a good extracting medium for obtaining compounds with activity against 
proliferation of the studied carcinoma cells and that ethanol incorporation was 
essential to obtain extracts manifesting desired antiproliferative effect. In fact, a 
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positive correlation between biological activity tested and the extract content in tan-
nins condensable with formaldehyde (given by the Stiasny number) was observed. 
The aqueous extracts were the ones having the lowest Stiasny number. On the other 
hand, the highest composition of ethanol employed in bark extractions of 80% was 
the one having the highest Stiasny number value and the lowest IC50 concentration. 
The second best extract manifesting biological activity was obtained with 52% etha-
nol, having the second highest value of SN. In the same study, it was observed that 
moderate temperatures employed in bark extraction benefited the biological activity 
of the extracts obtained.

4.3  �Fractionation of Ethanolic Extracts from Eucalyptus 
globulus Bark

4.3.1  �Membrane Processing

Membrane processing is a promising technology to refine natural extracts contain-
ing phenolic compounds with bioactive properties once it is considered a green 
process that offers the possibility of fractionating or concentrating the desired sol-
utes present in the extracts without resourcing to harmful chemicals that can com-
promise the end-uses of the final solution. Moreover, this technology has the 
additional advantage of operating at mild temperatures, avoiding thermal degrada-
tion of the mixture.

Membrane separation is a well-established technology and commonly applied in 
food processing industry and in the treatment of wastewaters (Daufin et al. 2001). 
Ultrafiltration and nanofiltration are the more commonly studied processes to con-
centrate or fractionate the polyphenolic fraction coming from different processing 
streams or extracts (fruit juices, winery sludge, industrial waste liquors, grape seed 
extracts, cork processing wastewaters, among others) (Cassano et al. 2008; Díaz-
Reinoso et al. 2009, 2010; Minhalma and de Pinho 2001).

Table 4.5  IC50 values obtained for E. globulus bark extracts regarding their activity in regulating 
MDA-MB-231 human cell proliferation when incubated with different concentrations for 48 h

Extraction conditions
IC50 (μg/mL)Time (h) Temperature (°C) Ethanol %

3.25 25 0 No effect
3.25 140 0 No effect
0.5 25 40 No effect
6 140 40 266.7 ± 18.7
4.4 82.5 52 176.4 ± 15.6
3.25 25 80 244.8 ± 28.3
3.25 140 80 220.1 ± 19.6
6 82.5 80 91.9 ± 9.0

Mota et al. (2012)
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In the particular case of E. globulus bark, this raw material is an interesting 
source for bioactive polyphenols, and a membrane fractionation can be important to 
concentrate or fractionate the obtained extracts. Previously, it was disclosed that the 
ethanolic solutions can selectively extract polyphenolic compounds from E. globu-
lus bark, and a preliminary study on membrane processing of these extracts became 
essential in order to understand the viability of applying this technology to improve 
the extracts obtained in terms of promoting the enrichment of polyphenols in detri-
ment of other compounds, such as total carbohydrates. Several operating conditions 
influence membrane performance such as temperature, pH, feed concentration, 
chemical composition of the membrane, pore size, feed flowrate, and transmem-
brane pressure. Ethanol will also affect membrane productivity and rejection coef-
ficients once it changes solvent-solute-membrane interactions, thus affecting the 
transport mechanism and solute retentions (Geens et al. 2005). Several works have 
demonstrated that rejection coefficients to a certain solute can be significantly 
altered by the presence of ethanol and according to the composition of the mem-
brane, the effect of ethanol can be significantly different (Geens et  al. 2005; 
Pinto et al. 2014a).

Two promising E. globulus bark extracts were processed by membrane technol-
ogy: a first one obtained with ethanol/water (80:20 v/v) solution having the best 
performance against breast cancer cells and having the highest content in 
formaldehyde-condensable tannins (a particular family of polyphenols) and a sec-
ond one obtained with ethanol/water (52:48 v/v) solution having the highest content 
in phenolic compounds in the extract quantified by the Folin-Ciocalteu method. The 
membranes employed in these studies are summarized in Table 4.6, and the perme-
abilities of these membranes to water, 52% ethanol, and 80% ethanol are displayed 
in Table 4.7.

Different study approaches were conducted with these two extracts and are sum-
marized in Fig. 4.4. With the ethanol/water (80:20 v/v) extract, the effect of trans-
membrane pressure was evaluated in several membranes with different molecular 
weight cutoff and compositions. The membrane productivity and rejection toward 
total solids and total phenolic compounds were assessed for each membrane and 

Table 4.6  Characteristics of UF/NF membranes employed in E. globulus bark extract membrane 
processing studies

Membrane Abbrev. Rejection/MWCOa Type Producer Composition

EW EW60 60,000 UF GE Osmonics Polysulfone
JW JW30 30,000 UF GE Osmonics Polyvinylidene
Pleiade P5 5000 UF Orelis

Environmental
Polyethersulfone

GE GE1 1000 UF GE Osmonics Polyamide
composite

90801 – ~ 50% NaCl 90% colorant 
(350 Da) in ethanol

NF Solsep Polyamide
derivative

aMWCO molecular weight cutoff (Da)
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transmembrane pressure studied. Fouling and cake buildup were evaluated in order 
to understand permeate flux decrease over processing time with the extract and to 
confirm the possibility of reutilization of the membranes, two important aspects 
vital to industrial implementation of a membrane separation process.

Regarding the ethanol/water (52:48 v/v), this bark extract was treated by differ-
ent ultra- and nanofiltration membranes aiming to understand the effect of the type 
of membrane in the concentration of the polyphenolic compounds determined by 
the Folin-Ciocalteu method. The composition of specific families of phenolic com-
pounds (proanthocyanidins and tannins) and total carbohydrates was also assessed. 
Later, diafiltration and purification by adsorption were employed in an attempt to 
enrich the extract in the desired phenolic compounds. It is expected that in diafiltra-
tion process, the retentate stream will be further depleted in the lower molecular 
weight compounds comparatively to the UF process (Fikar et al. 2010). This pro-
cess has already been suggested as a plausible methodology for fractionation or 
intensification of the polyphenolic content present in the feed solution (Acosta et al. 
2014; Russo 2007; Santamaría et al. 2002).

4.3.1.1  �Resistance and Cake Buildup Analysis in the Ultrafiltration 
of Ethanol/Water Extract (80:20 v/v)

Ultrafiltration of E. globulus bark extract obtained with ethanol/water (80:20 v/v) 
solution was studied by Baptista et al. (2015) employing different MWCO mem-
branes, and compositions were used: GE1, P5, JW30, and EW60 (composition and 
MWCO are summarized in Table 4.7).

The study was performed at 35 °C and 4.5 L min−1 for transmembrane pressures 
of 3, 5, and 8 bar, and the respective permeate flux evolution with time is portrayed 
in Fig. 4.5. The experiments were conducted in full recycle mode and in sequence 
starting with the lowest pressure, and, therefore, typical flux reduction curve (Song 
1998) is only observed at 3 bar, the first pressure tested: an initial accentuated drop 
of flux (stage 1), a long-term gradual decrease (stage 2), and a stationary state flux 
(stage 3).

Table 4.7  Characteristics of UF/NF membranes employed in E. globulus bark extract membrane 
processing studies

Membrane

Permeability (L m−2 h−1 bar−1)

Water
Ethanol/water
(52:48, % v/v)

Ethanol/water
(80:20, %v/v)

EW60 191.3 ≈48.5
39.6

57.2

JW30 91.2 47.6 35.5
P5 72.4 36.4 25.0
GE1 3. 9 1.24 1.5–1.7
90801 – 5.8 1.8

Pinto et al. (2014a)
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The membrane permeability of ethanol/water (80:20 v/v) and the correspondent 
E. globulus bark extract reached at steady state are summarized in Table 4.8. The 
permeate flux not only depends on the MWCO of the membrane but also is affected 
by the chemical nature of the membrane, therefore explaining the fact that although 
GE1, P5, and JW membranes have significantly different MWCO, the permeate flux 
to ethanol/water (80:20 v/v) is very similar. When changing from the solvent solu-
tion to the real extract, the permeate flux has decreased slightly for GE membrane 
(20–33% decrease) and more severely for P5, JW30, and EW60 membranes (86–
76%), demonstrating that fouling formation was more relevant for these last three 
membranes.

Fig. 4.5  Evolution of the permeate flux (JP) with time for (a) GE1, (b) P5, (c) JW30, and (d) 
EW60, operated at different transmembrane pressures sequentially, in full recycling mode, 35 °C, 
and a feed flow of 4.5 L min−1. *pressure applied after operation at 5 or 8 bar. (Reprinted from 
Baptista et al. (2015), Copyright (2015), with permission from Elsevier)

Table 4.8  Permeate flux of the solvent 80:20 v/v ethanol/water (S) and respective E. globulus bark 
extract (E) in the stationary state for different transmembrane pressures

TMP
bar

J (L m−2 h−1)
GE1 P5 JW30 EW60
S E S E S E St E

3 5.4 4.3 97.7 6.2 114.6 8.8 237.4 34.1
5 8.8 6.4 152.6 6.3 185.0 9.5 366.0 30.1
8 13.9 9.4 227.4 6.9 295.0 8.9 529.5 42.5

Baptista (2013), Baptista et al. (2015)
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Baptista et  al. (2015) study revealed that the transmembrane pressure (TMP) 
increase led to higher formation of fouling since after conducting experiments at 5 
and 8 bar, the permeate flux recorded for the previous TMP studied of 3 and 5 bar, 
respectively, was lower (Fig. 4.5). This flux decrease observed was more accentu-
ated for P5 and JW30 membrane processing, demonstrating that these membranes 
were the ones more affected by fouling formation. Fouling resistances experimen-
tally determined for each TMP studied and models applied by the authors to describe 
flux decrease at 3 bar (adapted long-term flux decline model and surface renewal) 
also support these findings.

In Fig. 4.6 it is shown the contribution of each resistance in the UF of the bark 
extract obtained by Baptista et al. (2015) at 8 bar with different membranes where 
it is observed that resistance caused by fouling formation is very relevant for P5 and 
JW30 membranes, representing 97–98% of the total resistance observed. Regarding 
EW60 membrane processing, resistance caused by fouling accounts for 91% of the 
total resistance observed, and the least affected membrane by fouling is the GE 
membrane with about 31% of the total resistance caused by fouling. Moreover, the 
EW60 membrane had a significant contribution of the irreversible fouling, consti-
tuting a disadvantage due to the fact that processing with this membrane will require 
chemical cleaning in order to allow successive membrane processing and could 
affect the long-term use of the membrane.

In membrane processing understanding the key factors responsible for permeate 
flux decline is important to assess the viability of developing an industrial process. 
Permeate flux decline can be described considering three distinct phases (Song 
1998): a first stage with an accentuated permeate flux decrease due to pore blocking, 
a second stage where permeate flux gradually decreases due to gel polarization and 

Fig. 4.6  Resistances determined for each membrane processing of the bark ethanol/water extract 
(80:20 v/v) at 8 bar by applying resistance in series model. (Adapted from Baptista et al. (2015), 
Copyright (2015), with permission from Elsevier)
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cake layer buildup on the membrane surface, and a third stage where cake resistance 
increases while the cake gets thicker until reaching a steady-state plateau.

In order to understand permeate flux decline during membrane processing with 
the ethanolic extract, Baptista et al. (2015) implemented the surface renewal model 
(Hasan et al. 2013) and the adapted long-term flux decline (De et al. 1997). Both 
mathematical models successfully described flux decline for processing the bark 
extract at 3 bar.

The surface renewal model is based upon the cake filtration theory and the sur-
face renewal concept and considers that cake formation is the dominant fouling 
mechanism responsible for flux decline and the liquid elements are continuously 
brought into contact from the bulk liquid to the membrane surface and remain for a 
definite time before returning again to the bulk liquid. This method allows the pre-
diction of the rate of renewal of liquid elements at the membrane surface and reflects 
the easiness to remove the deposited material; the higher the rate, the easier it is to 
remove the deposited material; and thus, this is directly reflected on the recovery of 
the initial membrane permeability after cleaning. The highest rates of renewal of 
liquid elements corresponded to the membranes JW30 and GE1, and, in accordance, 
these membranes were the easiest to clean, and more than 90% of the initial perme-
ability was accomplished within one to two cycles of chemical cleaning with NaOH 
0.1  M in ethanol/water (80:20  v/v). On the other hand, EW60 and P5 were the 
membranes with the lowest rates, where two to four chemical cleaning cycles were 
not sufficient to recover the initial permeate flux of the membranes. Moreover, the 
rate was very similar for EW60 and P5 membranes, allowing to conclude that com-
position of the membranes is detriment to the performance of the membrane.

This model also helps understanding the cake buildup on the membrane surface 
during processing at 3 bar. EW60 was the membrane process showing the highest 
growth of cake layer, followed by JW30 and GE1 exhibiting a similar propensity, 
and P5 was the one with less mass accumulated of cake on the surface.

The adapted long-term flux decline model considers two distinct time domains, 
an initial short term where flux decrease is very fast and is mainly due to osmotic 
pressure and a long term where flux decrease is slower mainly due to gradual growth 
of the polarized layer until reaching a steady state. This model allowed confirming 
that P5 and EW60 are the membranes exhibiting lower polarization and cake layer 
growth rate and thus, reversible fouling growth is gradual explaining the fact that 
processing with these membranes took longer time to reach steady state. On the 
other hand, GE membrane is the one exhibiting the highest growth velocity of polar-
ization concentration and cake buildup, and therefore, the steady state is reached 
faster. This model allowed estimating the total resistance to flux being the values 
obtained in very close agreement with the experimental ones obtained. Moreover, it 
demonstrated that P5 membrane has the additional advantage of being the least 
susceptible membrane to reversible fouling.

Membrane productivity is not the only variable to consider when evaluating a 
membrane separation process, but also the rejection toward the solutes of interest is 
very important in order to obtain a desired concentration or fractionation process. 
The rejection coefficients of solutes are not directly related with the MWCO of the 
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membranes; other factors such as membrane composition, possible interaction 
between solutes, and membrane surface or propensity for cake layer formation will 
affect rejection coefficients observed.

In Table 4.9 it is summarized the rejection coefficients obtained for total non-
volatile solids (TS), total phenolic compounds (TPC), proanthocyanidins (Pac), and 
formaldehyde-condensable tannins (fcT) with the processing of the ethanolic bark 
extract. The TPC content is found by the Folin-Ciocalteu method, Pac by the acid 
butanol method, and fcT by the Stiasny method.

In general, rejection coefficients have increased with pressure for all tested mem-
branes except for the highest cutoff membrane of 60 kDa, the membrane showing 
the lowest rejection coefficients. The increase of rejection coefficients with the TMP 
can be explained by the higher compression of the polarization layer. P5 and JW30 
were the membranes where the rejection coefficients were more affected by TMP 
and, in accordance, were also the membranes exhibiting higher fouling formation.

The membranes showing the highest rejection coefficients toward TS, TPC, and 
Pac were P5 and JW that did not correspond to the lowest cutoff membrane employed 
(GE 1 kDa) in the study, revealing that the composition of the membranes had a 
relevant role in the separation.

Considering that the main goal of the membrane separation process is to retain 
the highest amounts of TPC and Pac with the highest membrane productivities, 
Baptista et al. (2015) have concluded that the best operating pressure is of 3 bar for 
the membrane EW and 5 bar for the remaining membranes studied. Since P5 was 
the membrane more difficult to clean, JW membrane seems the most promising one 
to be applied to treat the ethanol/water (80:20 v/v) E. globulus bark extract.

4.3.1.2  �Application of Ultrafiltration and Nanofiltration to Ethanol/Water 
Extract (52:48 v/v)

The membrane concentration study of the E. globulus bark ethanol/water extract 
(52:48 v/v) was performed by Pinto et al. (2014a) aiming to increase the content of 
the extract in polyphenols. The authors selected three commercial membranes, two 
UF membranes, and one NF membrane to proceed with the bark extract 

Table 4.9  Rejection coefficients to TS, TPC, Pac, and fcT obtained with membrane processing at 
different TMP pressures of 80:20% v/v E. globulus bark extract bark with different membranes

3 bar 5 bar 8 bar
GE P5 JW30 EW60 GE P5 JW30 EW60 GE P5 JW30 EW60

TS 43 48 51 15 52 55 60 13 53 63 57 14
TPC 49 62 61 14 58 66 66 5 61 73 71 4
Pac 66 87 82 30 76 88 87 16 80 93 92 14
fcT 75 73 – 28 80 83 – 12 – – – 18

Conditions: 35 °C, feed flow rate 4.5 L min−1. Operation took place in full recycle mode, and per-
meate samples were collected after the permeate flux stabilized
Baptista et al. (2015)
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concentration study, and the final product composition was characterized regarding 
TS, TPC, Pac, fcT, and total carbohydrates (TC) obtained by methanolysis.

Concentration experiments were carried out up to a volume reduction factor of 
1.76, in batch mode with retentate recycling and permeate removal at constant TMP, 
feed flow, and temperature. The membranes selected were the UF JW30 and P5 and 
the NF 90801 (composition and MWCO are summarized in Table 4.7).

In Fig. 4.7 it is displayed the permeate flux evolution with time of processing. 
Among the studied membranes, JW30 had the best permeate flux performance. P5 
was the membrane with the lowest permeate flux which was reflected in the longer 
operating time among the other membranes. NF 90801 was the membrane with the 
highest permeate decline, and, after 2.5 h of operating time, the permeate flux was 
lower than the one observed for JW membrane.

After each optimized condition of extraction (OCE) processing, cycles of mem-
brane cleaning were performed with alkaline solutions; 0.1 M prepared in ethanol/
water (52:48 v/v) solution has shown that more than 80% of the initial permeate flux 
was restored within one to two cleaning cycles for the UF membranes and three 
cycles for the NF membrane. This is a good indicator that irreversible fouling is not 
significant for all the three membrane processing and that a membrane separation 
process employing these membranes can be envisaged.

Membrane apparent rejections concerning TS, TPC, and TC assayed by Pinto 
et al. (2014a) for each membrane and are summarized in Table 4.10. 90801 was the 
membrane with the highest rejection coefficients, and JW30 being the membrane 
with the largest cutoff, the apparent rejection coefficients obtained were lower than 
the values registered for the other two.

In Fig. 4.8 the composition of each final retentate regarding phenolic compounds 
quantified as TPC, Pac, and fcT is displayed along with the TC content obtained.

The TPC content was highest in retentates obtained with the membranes P5 and 
90,801 indicating that the lower MWCO membranes retain more solutes carrying 
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Fig. 4.7  Instantaneous permeate flux (Jp) with time for the 52:48% v/v ethanol/water E. globulus 
bark extract. Conditions: concentration mode, 35 °C, feed flow 4.5 L min−1, TMP 4 bar for ultra-
filtration JW30 and P5 and 14 bar for nanofiltration 90,801; operation time for VRF of 1.76, 4.3 h, 
JW30; 7.4 h, P5; 5.6 h, 90801. (Reprinted from Pinto et al. (2014a), Copyright (2014), with per-
mission from Elsevier)
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phenolic hydroxyl groups, probably associated with low molecular weight phenolic 
compounds present in the extract. On the other hand, JW30 membrane was more 
effective to retain the particular family of compounds Pac (mainly flavonoid oligo-
mers) and fcT (mono- and biflavonoids and some oligomers). The content in TPC, 
Pac, and fcT in the final retentate of JW30 membrane accomplished by Pinto et al. 
(2014a) revealed that this membrane was more selective to retain phenolic com-
pounds in detriment of TC. The final bark extract, treated with JW30 membrane, 
was enriched by 2%, 16%, and 28% of TPC, Pac, and fcT, respectively, and lost 
10% TC.

Table 4.10  Rejection coefficients to TS, TPC, and TC obtained with membrane processing of 
52:48% v/v E. globulus bark extract with membranes JW30, P5, and 90801

%Rej. JW30 P5 90801

TS 58 77 78
TPC 75 85 92
TC 12 17 15

Conditions: 35 °C, feed flow rate 4.5 L min−1, TMP 4 bar for UF (JW30 and P5) and 14 bar for NF 
(90801). Operation was in concentration mode until reaching a VRF of 1.76
Pinto et al. (2014a)

Fig. 4.8  Composition of the feed (OCE) and respective retentates produced with membranes 
JW30, P5, and 90,801. The values are presented as % weight/dry weight of the OC extract (the 
feed) or dry weight of the retentate obtained for each membrane. Conditions: concentration mode 
(VRF 1.76), 35 °C, feed flowrate 4.5 L min−1, TMP 4 bar for UF JW30 and P5 membranes and 
14 bar for NF 90801 membrane. (Adapted from Pinto et al. (2014a), Copyright (2014), with per-
mission from Elsevier)
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Additionally, the authors have also detailed TC composition in the initial feed on 
each retentate and permeate streams obtained and observed a modification of the 
relative composition of the carbohydrate fraction due to a preferential permeation of 
glucose and galacturonic acid-containing oligo−/poly-saccharides and higher rejec-
tions by the membranes to rhamnose and arabinose moieties, probably linked with 
the polyphenolic compounds (Pinto et al. 2014a).

4.3.2  �Diafiltration and Adsorption for Purification 
and Concentration of Polyphenols

Discontinuous diafiltration (DF) studies were conducted by Pinto et al. (2017) aim-
ing to further increase the selectivity for polyphenols observed in the membrane 
concentration experiments of the ethanol/water (52:48 v/v) extract promoted by the 
washing effect of the DF process. This procedure has the additional advantage of 
reducing the ethanol content of the extract to a value below 12% and allows a pos-
terior adsorption process step to further purify the bark extract.

The three diafiltration processing approaches studied are outlined in Fig. 4.4: the 
direct diafiltration of the OCE (D_OCE) with membrane JW30 and pre-concentration 
of the OCE up to a VRF of 1.76 and diafiltration of the retentate with membranes 
JW30 and P5 (D_JW30_C and D_P5_C). Six discontinuous diafiltration cycles 
were performed at 35 °C and fixed TPM of 4 bar. In each cycle, the permeate stream 
was collected until achieving a VRF of 1.26/1.34 and replaced by the same volume 
with water. In the case of the pre-concentrated approaches, the initial volume was 
made up with water after concentrating the OCE.

In Fig. 4.9 it is shown the permeate fluxes observed by Pinto et al. (2017) during 
the diafiltration studies along with the evolution of the volume reduction factor for 
each stage. The diafiltration with P5 membrane was the approach exhibiting the 
lowest permeate flux in all cycles. Regarding processing with the membrane JW30, 
it was observed that the permeate flux was somewhat higher when diafiltration was 
performed after a pre-concentration step probably explained by the removal of some 
compounds during the pre-concentration step that generate fouling.

In Fig. 4.10 it is depicted the OCE and final retentate composition of the three 
diafiltration approaches studied by Pinto et al. (2017) concerning TPC, Pac, FcT, 
and TC. All diafiltration processes studied allowed the enrichment of the polyphe-
nolic content (TPC, Pac, and FcT). Diafiltration of the pre-concentrated OCE extract 
was the approach leading to higher concentration of the phenolic compounds pres-
ent in the bark extract, in particular for Pac and fcT, where an increment of 64% and 
55% was observed, respectively. Moreover, the authors have observed that TC con-
tent did not vary much for both JW membrane processings, whereas for the P5 
membrane processing, they were somewhat enriched. Similar to what was observed 
in the concentration studies, a preferential retention of arabinose and rhamnose was 
observed for all approaches studied.

4  Polyphenols from Bark of Eucalyptus globulus



Fig. 4.9  Instantaneous permeate flux and VRF evolution for each cycle during the DF of the etha-
nol/water (52:48 v/v) E. globulus bark extract: (a) D_JW; (b) D_JW_C; (c) D_P5_C. Conditions: 
35 °C, feed flowrate 4.5 L min−1, and TMP 4 bar. Water was the replacement solvent. (Reprinted 
from Pinto et al. (2017), Copyright (2017), with permission from Elsevier)
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Considering the results, the authors have selected the diafiltration of the pre-
concentrated OCE with JW membrane to pursue with further refinement by adsorp-
tion onto nonpolar resin. After loading this stream onto a bed packed with SP700 
resin, the adsorbed compounds were readily recovered with few bed volumes of 
ethanol/water solution (95:5 v/v) allowing to enrich about 70–75% times the TPC 
and Pac content in the extract.

In Table 4.11 it is summarized the composition of the overall streams of the sepa-
ration and purification process employed. The adsorption/desorption step revealed 
to be a selective process to phenolic compounds in detriment of TC, and it was 
obtained a final enriched solution containing 66% of TPC, 55% of Pac, and only 9% 
of TC.

The sequential process of concentration/diafiltration and adsorption/desorption 
was successfully demonstrated by Pinto et al. (2017), reaching to a final solution of 
12 g/L and a content of 67% on dried extract basis. The recovery of the compounds 
with an ethanolic solution is advantageous considering that it allows energy saving 
in the drying step. In this work the authors have successfully demonstrated that a 
membrane separation and adsorption processes can be easily integrated and consti-
tute a promising approach for integration in biorefining processes for bark valoriza-
tion, attending several green engineering and green chemistry principles. It has been 
suggested by Pinto et al. (2017) an integrated extraction, separation, and purifica-
tion process aiming the valorization of E. globulus bark as an important source for 
chemicals (TPC, sugars), to be implemented before burning bark for energy 
(Fig. 4.11).

Further investigation should be conducted next regarding physical and chemical 
characterization of the E. globulus bark extract obtained in order to make a screen-
ing for possible effects and qualities of the extract and thus identify the most prom-
ising application(s). Its efficacy, bioavailability, and chemical and physical behavior 
in several matrices during formulations and potential toxicity should be clearly 
detailed in order to formulate a safe and marketable product.

Table 4.11  Composition of the streams resulting from processing E. globulus bark extract

OCE D_JW_C Enriched fraction

TS, g/L 7.9 5.1 18.7
TPC, g/L 3.0 2.3 12.4
TPC, %w/w 37.7 45.7 66.4
Pac, %w/w 32.3 52.9 55.1
TC, %w/w 16.1 15.8 8.7

Pinto et al. (2017)
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FBW - fixed-bed washing aqueous solution;

EF - enriched fraction resulting from desorption of the fixed-bed with water.

OCE - Eucalyptus globulus bark extract produced at optimized condtions;

DJWCJW - retentate from diafiltration of the pre-concentrated extract with JW 30kDa membrane;
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Fig. 4.11  Diagram of the process for separation and recovery of polyphenols from Eucalyptus 
globulus bark encompassing extraction with ethanol/water solution, ultrafiltration, and adsorption 
onto microporous resin. (Reprinted from Pinto et al. (2017), Copyright (2017), with permission 
from Elsevier)
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Chapter 5
Conclusions and Future Perspectives

Abstract  Lignin valorization is nowadays an important research topic, both from 
academic and industrial point of view. This book reviews some key developments in 
the field, with an important contribution from the research conducted at LSRE-
LCM, since more than 30 years. Pulp mills as biorefineries, integrated process for 
vanillin and syringaldehyde production from kraft lignin, polyurethanes from 
recovered and depolymerized lignins, and polyphenols from bark of eucalyptus 
globulus are the treated topics, which evidence the importance to approach lignin 
valorization from an integrated point of view, without neglecting the actual context 
of the pulp industry. Thus, lignin isolation from black liquor to be converted into 
chemicals (vanillin and syringaldehyde) and polyurethanes, and the integration of 
bark eucalyptus globulus valorization, contribute to a more sustainable approach 
and an enlarged concept of circular bio(economy).

Keywords  Lignin valorization · Dicarboxylic acids · Polyurethanes · Purification 
and separation

In the actual context of lignocellulosic biorefineries’ consolidation, and their search 
for sustainability and competitiveness, the effective valorization of lignin becomes 
a key issue. In fact, the complex macromolecular structure of lignin opens a wide 
range of possibilities that include fine chemicals, power/fuel, and macromolecules. 
Nevertheless, the constraints to full implement such strategies are various, demand-
ing both fundamental and applied research, together with the investment in techno-
logical developments. In particular, the involvement of industrial players is decisive 
to make viable the scale-up of technologies for lignin extraction and applications 
development. An important point is the achievement of standardized raw lignins, 
crucial to assure their wide industrial use. This was the context that motivated the 
research behind the present book, which started almost 30 years ago in the LSRE-
LCM group and continues to the present days.

From the emerging concept of biorefinery to the recognition of the pulp industry 
as a leading industrial sector in the field, the extension of the circular bio(economy), 
which started with pulp production (cellulose) and energy recovery (burning of the 
black liquor), was enlarged to include the proposal of integrating more rational 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-99313-3_5&domain=pdf
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strategies of lignin valorization (Galkin and Samec 2016; Rinaldi et al. 2016). This 
scheme considers, primarily, the isolation of lignin from the black liquor and their 
subsequent use in the obtainment of new chemical building blocks for diverse 
industrial uses (lignin platform). In this way, presently, the pulp industry is moving 
to a context where pulp production coexists with the sugar and lignin platforms, 
both important to support a new generation of biochemicals, biofuels, and advanced 
materials. Also, in the context of the pulp industry, it becomes increasingly interest-
ing to explore directly the use of the pulping liquors as source of high-added-value 
chemicals and evaluate their economic advantages versus the direct use of lignin. 
Moreover, the full integration of all side streams of the pulp industry imposes bark 
valorization, in this work exemplified with the study of polyphenolic compounds 
extracted from E. globulus bark (polar fraction). In fact, these bioactive compounds 
have potential to be applied in different industrial uses (e.g., cosmetics, pharmaceu-
tical, and leather industry, among others).

In the field of lignin valorization, the conversion of lignin from different origins 
into functionalized phenolic monomers was one of the topics with higher research 
investment in the past decades. This includes the use of lignin as a source of syrin-
galdehyde and vanillin using environmental friendly processes such as the oxidation 
with O2, which was the main focus of our research group, where oxidative depoly-
merization of lignins and black liquors was used for this end. In addition to the 
study of the reaction conditions favoring products yield and their respective kinet-
ics, downstream processes to treat the obtained oxidized lignin mixture (e.g., mem-
brane separation and chromatographic processes) were also proposed. The objective 
was to develop a feasible productive process, which includes production at batch 
and continuous mode, together with final separation and purification steps. We are 
convinced that cyclic adsorption processes using simulated moving bed technolo-
gies will be adequate to separate families of chemicals (acids, aldehydes, ketones) 
resulting from lignin oxidation (Gomes et al. 2018). Moreover, and in order to close 
the productive cycle, the proposal to use the residual depolymerized lignin in the 
synthesis of polyurethanes was also anticipated. The study comprised the use of the 
depolymerized lignins obtained as the by-product of the oxidation process to obtain 
vanillin and syringaldehyde to produce biopolyols by oxypropylation that were 
tested to produce rigid polyurethane foams.

Nowadays, lignin is still underutilized as a feedstock, and through depolymeriza-
tion different aromatic building blocks can be produced (benzene, toluene, and 
xylenes) (Upton and Kasko 2016). Recent review papers on lignin depolymeriza-
tion toward value-added chemicals can be found (Chen and Wan 2017; Demesa 
et al. 2015, 2017; Li et al. 2015; Upton and Kasko 2016). These works focus on 
conventional strategies but also give indications concerning new opportunities. 
Namely, there is a growing interest to obtain dicarboxylic acid from lignin (Cronin 
et al. 2017; Ma et al. 2014; Zeng et al. 2015). The process involves an oxidative 
cleavage of the aromatic ring. The 1,4-diacids (including succinic, fumaric, maleic, 
and malic acids) were selected as one of the 12 building blocks that will be the base 
of the chemical production derived from biomass (Werpy and Petersen 2004). Still 
a better understanding of the structural characterization of lignin and on the predic-
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tion of the maximum yield on target monomeric products is required (Evstigneyev 
2018; Evstigneyev et al. 2017; Hu et al. 2016), namely, through the assess to alter-
native technologies supported by some kind of radar tool. Selective cleavage of 
alkyl aryl ether interunit bonds, mostly of the β-O-4 type, yielding monomeric aro-
matic products is one of the most promising avenues in this development. 
Evstigneyev (2018) suggests that the maximum yield of monomeric aromatic prod-
ucts from lignin degradation is Y = (A−C)/(A + C) where A is a sum of α-О-4 and 
β-О-4 (n/100 PPU), and C is the sum of 5–5 and 4-О-5 bonds (n/100 PPU).

Currently, different approaches to generate added-value products from lignin can 
be found, and among them polymeric materials are assuming an important role 
(Duval and Lawoko 2014; Gandini and Lacerda 2015; Matsushita 2015). Lignin 
valorization in polyurethanes follows two main strategies: the use as such, i.e., 
without chemical modification, and the use after chemical modification (e.g., oxy-
propylation). Different lignin-based polyurethane systems are under investigation. 
These include rigid and flexible polyurethane foams, lignin-based composites, and 
thermoplastic polyurethanes (obtained from lignin as such, lignin-based polyols, 
depolymerized and fractionated lignins). Other topics include polyurethanes com-
pounding with lignin to enhance biodegradability. Among the proposed strategies, 
the use of depolymerized lignins (directly or after oxypropylation), and of fraction-
ated lignins, is gaining a rising interest, highlighting the advantages of using frac-
tions with more controlled properties, instead of the whole lignin.

Facing to the actual context, lignin is consolidating its role in the field of chemi-
cals and polymeric materials, which are gaining importance relatively to its use in 
fuel/energy applications. The market is expected to benefit from major industrial 
manufacturers’ investments in R&D, such as in the development of improved tech-
nologies for lignin extraction and development of new products and applications.
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