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In this thesis, lignin/tannin nanoparticles (LNP/TNP) from different sources and 

processes were synthesized by nanoprecipitation method using lignin/acetone (and 

tannin/acetone) as solvents, and distilled water was used as anti-solvent. The MIC 

assays followed the produced LNP/TNP dispersion to determine the antibacterial 

effect against gram-positive Staphylococcus aureus (S. aureus) and gram-negative 

Escherichia coli (E. Coli).  

 

The objective of this thesis was to study the size distribution, zeta potential, and 

morphology of LNP/TNP and to analyze their correlations with functional groups and 

molecular weight (Mw) of lignins/tannins by using the Principal Component Analysis 

(PCA) approach. The results of LNPs revealed that high phenolic hydroxyl (OH) 

amount and total OH quantity contributed to higher surface charges of LNPs. 

Furthermore, lignins that possessed low Mw would have more aliphatic OH content 

and resulted in larger LNPs. The size of LNPs and their surface charges were indirectly 

correlated. They had a relationship through low Mw of lignin that riched in aliphatic 

OH content. LNP dispersions that had the best antibacterial performance towards S. 

aureus also obstructed the growth of E. Coli. 

 

Keywords: lignin nanoparticles (LNPs), tannin nanoparticles (TNPs), particle size, 

zeta potential, correlation with functional groups of lignin, SEM, MIC assays, MIC.  
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Abbreviations 
 

µm  micrometer 

ACL  acetylated lignin      

AgNPs   silver nanoparticles  

AuNPs   gold nanoparticles 

BN  boron nitride 

BO  butylene oxide 

ca.  circa (=about) 

CFU  colony-forming unit 

CNF  cellulose nanofibrils 

CoA  Coenzyme A 

CTs  condensed tannins 

diEtP  diethyl chlorophosphate  

DLVO  Derjaguin, Landau, Verwey, and Overbeek 

E. Coli  Escherichia coli 

e.g.  for example 

EG  ethylene glycol 

EHL  enzymatic hydrolysis lignin 

EO  ethylene oxide 

et al.  and other authors 

etc.  Et Cetera 

EtOH  ethanol 

ETs  ellagitannins 

FRP  Radix puerariae 

G  guaiacyl 

GA  glutaraldehyde 

GHz  gigahertz 

GTs   gallotannins 

H   p-hydrophenyl 

HTs  hydrolysable tannins 

in vitro  in a glass 

in vivo  in life 
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KL  Kraft lignin 

LBNT  lignin-based nano-trap 

LNPs  lignin nanoparticles 

LS  lignosulfonate  

LSQA  quaternized lignosulfonate  

MHz  megahertz 

MIC  Minimum Inhibitory Concentration 

mL  milliliter 

MPa  megapascal 

mV  millivolt 

Mw  molecular weight 

nm  nanometer 

NR  natural rubber 

OH  hydroxyl 

OSL  Organosolv lignin 

PDI  Polydispersity 

PO  propylene oxide 

PP  polypropylene 

pTsONa  aqueous sodium p-toluenesulfonate 

PU  polyurethane 

rpm  rounds per minute 

S  syringyl 

S. aureus  Staphylococcus aureus 

SCF  supercritical carbon dioxide 

SEM  scanning electron microscope 

SL  Soda lignin 

SLRM  reverse micelles 

SPF  sun protection factor 

TA  tannic acid 

TNPs  tannin nanoparticles 

US  ultrasonication 

UV  ultraviolet absorbent 
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Formula 
CH2O  formaldehyde 

CH4  methane 

CNF  cyanuric fluoride  

CO  carbon monoxide 

CO2  carbon dioxide 

Cu  iron 

CuO  copper(II) oxide 

DMF  N, N-Dimethylformamide 

DMSO  dimethyl sulfoxide 

DPPH  2,2-diphenyl-1-picrylhydrazyl 

Fe  iron 

Fe(OiPr)3  iron (III) isopropoxide 

Fe2O3  Iron(III) oxide 

H2  hydrogen 

H2SO4  sulfuric acid 

HCl  hydrochloric acid 

HNO3  nitric acid 

KOH  potassium hydroxide  

LPC  colloidal lignin Poly(diallyldimethylammonium chloride) 

complexes 

LPF  lignin-phenol-formaldehyde 

Mn  manganese 

MnO3  manganese(VI)oxide 
Mo  molybdenum 

MoO3  molybdenum trioxide 

Na2CO3  sodium carbonate 

Na2SO3  sodium sulfite 

NaHSO3  sodium bisulfite 

NaOH  sodium hydroxide  

NH(CH3)2  dimethylamine 

Ni  nickel 

NiO  nickel oxide 
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OCH3  methoxy group 

PMMA  poly(methyl methacrylate) 

PVA  polyvinyl alcohol 

SiP  diethyl (2-(triethoxysilyl)ethyl) phosphonate  

SO3Na2  sodium sulfite 

TiO2  titanium dioxide 
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1 Introduction 
 

Lignin is the by-product of many pulping processes such as Kraft and Organosolv. It 

is also the second most abundant biomaterial alongside cellulose (Chauhan, 2020). 

Furthermore, lignin is low-cost and possesses numerous vital features such as 

antioxidant, antimicrobial, or stiffness and thermal stability agent, thanks to high 

carbon quality and essential functional groups in its structure. Lignin is, thus, 

appropriately developed to valorize lignin-based products for many applications. 

However, lignin-based bioproduct performance is still challenging because lignins 

obtain distinct molecule mass and content of various functional groups. (Kai et al., 

2016). This problem can be tackled by chemically modified lignin and synthesized 

lignin derivative products. Currently, use of lignin nanoparticles (LNPs) is one of the 

approaches that enhance lignin properties, offering distinct features by increasing the 

surface area, especially in the size range of 1–100 nm. Lignin in nanoscales has 

significant differences in properties compared to large-dimensional materials at 

equivalent composition (Beisl, Miltner and Friedl, 2017). On the contrast, tannin is the 

water-soluble polyphenol that is found in most higher plants and can be found in 

almost all parts of the plant from seeds, roots, barks to wood and leaves due to their 

fundamental role in protecting plants, from fungi, insects, food infections, or bacteria 

(Pizzi, 2019). Inspired by LNP invention, this thesis work aims to generate tannin 

nanoparticles (TNP) to enhance the application of tannin based as their outstanding 

performance on pharmaceutical, medical, antioxidant and antibacterial agents.  

 

In a different perspective, gram-positive Staphylococcus aureus (S. aureus) is known 

as the most familiar etiological agent of festering infections, which harm different 

tissues and organs, e.g., furuncle, carbuncle, abscess, myocarditis and endocarditis. It 

is one of the most common species as a community and nosocomial human infection-

causing agents (Coutinho et al., 2009). Moreover, gram-negative Escherichia coli (E. 

Coli) is commonly inhabited in human and animal guts. It can also be found in water, 

soil, and vegetation. Additionally, E. Coli is the major pathogen inducing urinary tract 

infections, bloodstream infections, wounds, and many other human complications. 

Primarily, it is the cause of severe cause of food and water-borne human diarrhea in 

many developing countries, causing many deaths among children under five years of 
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age (Kibret and Abera, 2011). Therefore, this thesis targeted to study morphology, 

functional groups, molecular weight (Mw), size distribution, and zeta potential of 

LNPs and TNPs. The correlation between the properties of lignin and LNPs, including 

the minimum inhibitory concentration (MIC) assay values of LNPs and TNPs against 

gram-positive S. aureus and gram-negative E. Coli, is analyzed by the principal 

component analysis (PCA) approach. 

 

 



Lam-Thu Nguyen  Literature review of lignin and tannin 

 
3 

2 Literature review of lignin and tannin 
 

2.1 Technical lignins 
 

Lignin is responsible for the rigid structure of the cell wall in plants (Espinoza-Acosta 

et al., 2016) and functions as the strengthening agent in lignocellulose materials (Arun 

et al., 2020). It controls water conduction and preserves the plant against biochemical 

pressure by suppressing other chemical compounds’ enzymatic degradation in it 

(Espinoza-Acosta et al., 2016). Lignin is abundant, inexpensive, and biodegradable, 

which is highly desirable for lignin-based materials (Rico-García et al., 2020). In 

softwood, lignin usually presents 26–32 % phenyl-propane units, whereas in 

hardwood, it contains about 20–30 %. The phenyl-propane units have two-thirds C-O-

C (ether) linkages, and the other fraction is C-C linkages (Horvath, 2006). Those 

phenyl-propane units primarily originate from three types of so-called monolignols (p-

hydroxycinnamyl alcohols): p-coumaryl, coniferyl, and sinapyl aromatic alcohols. The 

aromatic portions of those units derive from p-hydrophenyl (H), guaiacyl (G), and 

syringyl (S), respectively, which are demonstrated in Figure 2-1 (Lewis and 

Yamamoto, 1990). The three major types of monolignols contribute to oxidative 

radical depolymerization, which undergoes phenylpropanoid biosynthetic pathway to 

generate highly branched molecules of lignin (del Río et al., 2020). Nevertheless, 

lignin content and composition vary among species of plants, phylogenetic groups, 

cell types, developmental stages of seasonal growth (Novo-Uzal et al., 2012). For 

instance, lignin has H, G, and S alcohols in herbaceous plants; yet, it contains mainly 

G and S alcohols in wood-based plants (Espinoza-Acosta et al., 2016). Notably, 

softwood fibers only contain G lignin, whereas hardwood fibers mainly contain S 

lignin (Donaldson, 2009). Therefore, different species’ lignin composition and 

macromolecular structure are notable for comprehending lignocellulose materials and 

engineering lignin-based products. 
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Figure 2-1. The precursors of lignin. Reproduced from Tang et al. (2020) 

 

Lignin produced on the industrial scale is known as technical lignins, accounting for 

30% of all non-fossil organic carbon in Earth. However, in 2010, only 2% of lignin 

annual production from woody biomass has been commercialized for the formulation 

of dispersants, adhesives, fillers, antioxidants in rubbers, and plastics. This 

circumstance led to the biorefinery concept, in which lignin is not considered as waste 

low value-product, but it is observed as a raw material that can be synthesized into 

many valuable bioproducts  (Laurichesse and Avérous, 2014). Significantly, technical 

lignin has different physical and chemical properties, such as molecular weight, 

solubility, functional groups, and surface properties (An et al., 2017). Table 2-1 

summarizes the structure and properties of technical lignins. These differences result 

from different extraction processes: kraft, sulfite, soda, organosolv (Doherty, 

Mousavioun and Fellows, 2011), and enzymatic hydrolysis (An et al., 2017; Rico-

García et al., 2020). Figure 2-2 illustrates different extractions to produce technical 

lignins. Among many types of technical lignins, lignins produced from kraft, sulfite, 

LigniBoost, Howards, LignoForce, processes, etc., are obtained in large quantities on 

a commercial scale. However, OSL and enzymatic hydrolysis are produced on a 

laboratory scale under commercial production limitations (Tang et al., 2020).  
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Figure 2-2. The different extraction processes to separate lignin from lignocellulose 

biomass and the corresponding technical lignins’ productions. Reproduced from 

(Laurichesse and Avérous, 2014)  

 

 

2.1.1 Lignosulfonate 

 

Lignosulfonate (LS) originates from a sulfite process that uses a heated aqueous 

solution of alkaline earth metal sulfite mixture, such as sodium, ammonium, 

magnesium, or calcium at 120–180 ºC under neutral pH, acidic or alkaline conditions 

for 1–5 hours (Upton and Kasko, 2016; Kumar et al., 2020; Tang et al., 2020). The 

sulphonate side chain of lignin mainly appears at the α-position of the propyl side 

chain during the sulfite process (Kumar et al., 2020). Consequently, LS contains a 

particular amount of sulfur and relatively high molecular weight by replacing hydroxyl 

(OH) groups with sulfonate groups (Niaounakis, 2015). LS includes hydrophilic 

groups such as phenolic, carboxyl groups that enhance the lignin solubility. Moreover, 

LS also contains hydrophobic groups such as aromatic and aliphatic groups. Thus, it 

is considered to be an anionic surfactant. After the delignification reaction, the 
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produced LS is soluble in water, dissolves in the aqueous pulping liquor along with 

hemicellulose and has certain surface activities (Tang et al., 2020). Therefore, LS is 

applied broadly in adsorption and dispersion agents, such as dye dispersion (Qin, Yang 

and Qiu, 2015), dispersant for coal-water slurry (Qin et al., 2016), dispersant agent in 

dopants for conductivity enhancement (Qian et al., 2016), pesticide (Chin et al., 2005), 

a contributor to the properties of corrosion and scale inhibition in Recirculating 

Cooling Water System (Ouyang et al., 2006), graphite and bio-char composites (Fu, 

Chen and Gao, 2017; Cai et al., 2018), cleaning composition (Jones, 2008), auxiliary 

substances for paper coating and papermaking (Telysheva et al., 2001) and admixture 

for cement (Singh et al., 2002). However, due to a certain amount of sulfur and 

portions of impurities in LS (possibly up to 30 wt%), lignosulfonate limits the catalytic 

valorization and results in a complex lignin isolation process (Galkin and Samec, 

2016).  

 

 

2.1.2 Kraft lignin 

 

Traditionally, the kraft process is carried out at a pH value of 13–14 at ca. 170 ºC for 

2 hours, where the produced lignin is depolymerized due to the α-aryl ether bonds’ 

cleavage in phenolic aryl-propane units, with a concomitant generation of the free 

phenolic OH group. Thus, it allows lignin soluble in alkaline solution, and it also 

increases the hydrophilicity of lignin thanks to the presence of the OH group (Chakar 

and Ragauskas, 2004). Compared with lignosulphonate, KL has lower water solubility 

due to the existence of sulfur, but it has higher purity thanks to the removal of inorganic 

contaminants and carbohydrate residues (Iravani and S. Varma, 2020). The solubility 

of KL is only acquirable under alkaline conditions or polar organic solvents. 

Therefore, chemical modifications can be applied to activate the solubility of KL. The 

Kraft process accounts for ca. 85% of the fractionated lignin globally, where produced 

lignin is used primarily to generate heat and energy recovery in the pulp mill (Tejado 

et al., 2007), which causes the narrowness of the variety in KL application. 

Additionally, KL is still worthy of being utilized as added-value applications in 

biofuels, hydrogen, and biochemicals (Azadi et al., 2013), phenol-formaldehyde 

(CH2O) adhesive extenders (Ghorbani et al., 2016), blend polymer for material 

applications (Stewart, 2008), hydrogels (Zerpa, Pakzad and Fatehi, 2018), adsorbent 
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for heavy metals removal from wastewater (Klapiszewski et al., 2015; Naseer et al., 

2018), and many applications as a dispersion after chemical modification, e.g., carbon 

nanotubes, cement admixture and kaolin suspensions (Singh et al., 2002; Chin et al., 

2005; He, Gao and Fatehi, 2017).  

 

 

2.1.3 Soda lignin 

 

Unlike KL and LS, soda lignin (SL) undergoes a soda pulping process and is free from 

sulfur, making this type of lignin more attractive. SL is utilized to fractionate cellulose 

from the low lignin content of non-wood crops such as bagasse, wheat straw, hemp, 

kenaf, or sisal (Doherty, Mousavioun and Fellows, 2011; Yang, Ching and Chuah, 

2019). Using non-wood plants is essential because of the affordable cost of chemical 

recovery methods, effective effluent treatment technology, and less stringent 

environmental legislation for waste discharge in some areas. In the soda process, 

heating in a pressurized reaction with typically 13–16 wt% NaOH, with anthraquinone 

(as a catalyzer) at ca. 140–170 ºC is required (Doherty, Mousavioun and Fellows, 

2011). Thus, SL undergoes the same conditions as the Kraft pulping process, 

resembling Mw and hydrophobicity (Duval and Lawoko, 2014). Besides G and S 

moieties, non-wood plants have a significant number of p-OH groups and etherified 

phenolic acids, which function as the crosslinking bridge with carbohydrates (Lora, 

2008). Due to the high carboxylic acid content that arises from the aliphatic OH group 

oxidation when recovering lignin through NaOH, SL becomes challenging to recover 

by filtration or centrifuge. It is filterable only via coagulation by elevating the 

temperature. Thus, it is beneficial to utilize as an appreciable dispersant, e.g., as 

reinforcement in bioplastics and composites applications (Doherty, Mousavioun and 

Fellows, 2011), lignin-based formulation to control microbial population (Lora and 

Glasser, 2002), additives to sun protection factor (Vinardell and Mitjans, 2017) and 

animal health and nutrition (Lora, 2008).  
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2.1.4 Organosolv lignin  

 

The organosolv process isolates lignin and hemicellulose away from biomass 

lignocellulose using organic solvents, water and, occasionally, additives (acidic or 

basic catalyst) to remove sulfur-free lignin under hydrothermal treatment at typically 

150–200ºC for 30–90 minutes. The most common Organosolv process is based on 

ethanol (EtOH)/water pulping and puling with acetic acid, which contains a trace 

amount of mineral acid, e.g., HCl or H2SO4. Otherwise, it can be extracted based on a 

mixture of formic acid, acetic acid, and water (Laurichesse and Avérous, 2014; Iravani 

and S. Varma, 2020; Liao et al., 2020). Organosolv lignin (OSL) has a slight difference 

from native lignin without the structural modification demand due to the solubility 

induced by acid-catalyzed cleavage of bonds of lignin macromolecules. Lignin–

carbohydrate and α-O-4′ bonds within the lignin macromolecules are separated during 

the Organosolv process. The cleavage of β-O-4′ linkages occurs to a smaller extent 

than other pulping processes. The cleavage emerges when the lignin oligomers are 

liberated from the lignocellulose matrix (Galkin and Samec, 2016). OSL is the purest 

lignin with the highest quality that gains exciting properties such as low molecular 

mass, narrow molecular mass distribution, low solubility in water, and high phenolic 

and aliphatic OH contents. Furthermore, it is soluble in organic solvents because of 

the low molecular weight lignin produced. Nevertheless, OSL is also the most 

expensive lignin because of the equipment’s high solvent recovery cost and extensive 

corrosion feasibility (Espinoza-Acosta et al., 2016; Upton and Kasko, 2016; Liao et 

al., 2020). OSL can be utilized as a natural additive in healthcare products (Gordobil 

et al., 2018), pressure-sensitive adhesive (Sivasankarapillai, Eslami and Laborie, 

2019), and incompletely soluble OSL as a macromonomer for polyurethane (PU) 

synthesis (Arshanitsa et al., 2016).  

 

 

2.1.5 Enzymatic hydrolysis lignin 

 

Lignin can be collected through enzymatic hydrolysis of lignocellulose as an insoluble 

solid and called enzymatic hydrolysis lignin (EHL). This process aims to completely 

hydrolyze and dissolve cellulose and hemicellulose carbohydrates in an enzymatic 

environment, improving the insoluble amount of lignin. The obtained lignin consists 
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of 65–80% lignin, 7–8% carbohydrates, and other fractions belonging to impurities 

and produced protein during the enzymatic treatment (Rico-García et al., 2020). This 

process commonly demands physicochemical pretreatments to accelerate the 

digestibility of polysaccharides by enzymes and reduce feedstock recalcitrance. The 

produced lignin is called hydrolysis lignin. The production process of EHL has 

significant cost-effectiveness advantages, eco-friendliness, and high degradation 

tendency of the plant cell. Lignin obtained from the enzymatic hydrolysis process can 

be applied as sorbents, resins, polymeric chemicals (Liao et al., 2020), binders, 

emulsifiers (Fu, Mazza and Tamaki, 2010).  

 

Table 2-1. Chemical properties of technical lignins. Reproduced from (Tang et al., 

2020) and (Kai et al., 2016); LS: lignosulfonate, KL: Kraft lignin, SL: soda lignin, 

OSL: Organosolv lignin, EHL: enzymatic hydrolysis lignin 

Parameter LS KL SL OSL EHL 
Solubility Water Alkali, 

organic 
solvents 

Alkali Organic 
solvents 

Partially in 
organic 
solvents 

Ash content 
(masss%) 

4.0–9.3 0.5–3.0 0.7–2.3 1.7 1.0–3.0 

Sulfur (%) 3.5–8.0 1.0–3.0 0 0 0–1.0 
Carbohydrate

s (mass%) 
No data 1.0–2.3 1.5–3.0 1.0–3.0 10.0–22.4 

Molecular 
weight (Da) 

1000–50 000 1500–5000 1000–3000 500–5000 5000–10 000 

PDI 4.2–8.0 2.5–3.5 2.5–3.5 1.5–2.5 4.0–11.0 
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2.2 Modification methods for lignins 
 

The essential role of lignin for diverse applications is to integrate with other polymers 

through blending and copolymerization. The unmodified lignin can be compatible 

with other polymers in the blend. However, the reactivity of lignin is prohibited by its 

hydrophobic properties, which cause the phenylpropanoid structure. Simultaneously, 

the existence of OH and carbonyl moieties makes lignin also hydrophilic. 

Consequently, the compatibility of the amphipathic origin of lignin with apolar and 

polar is narrow. The impurities and other functional groups, such as aliphatic, 

aromatic, and phenolic OH groups, result in a complex and variable structure of lignin, 

in which their concentration and content depend on the botanical source and the 

extraction method. However, the limited OH group and poor accessibility of aromatic 

rings diminish the reactivity of lignin (Figueiredo et al., 2018). Therefore, various 

modification methods are employed to enhance lignin’s reactivity, which depends on 

the specific application for which lignin is applied. Figure 2-3 summarizes many types 

of technical lignins, chemical modification techniques, LNP preparation methods, and 

corresponding LNP applications, and those sections will be sequentially discussed in 

this thesis. 

 

 

Figure 2-3. Summary of technical lignins, chemical modification techniques, LNP 

preparation methods and corresponding LNP applications. 
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2.2.1 Lignin depolymerization 

 

Lignin depolymerization or so-called fragmentation is a potential technique to convert 

lignin into valorized lignin-based products by fractionating lignin molecules into the 

lower molar mass compound, involving fuels and primary chemical or oligomers, e.g., 

vanillin, simple and hydroxylated aromatic, quinines, aldehydes, aliphatic acids, and 

many more products (Laurichesse and Avérous, 2014; Figueiredo et al., 2018). Many 

available chemical treatments depolymerize lignin, e.g., oxidation, base-catalyzed 

reaction, acid-catalyzed reaction, metallic catalyzed reaction, ionic liquid, or 

supercritical fluid-assisted treatments. On the contrary, the thermochemical 

conversion technologies to depolymerize lignin comprise pyrolysis, hydrolysis, 

hydrogenolysis (hydrogenation), liquefaction, and gasification (Ahuja and Roy, 2020). 

It means that lignin can be depolymerized under thermochemical conversion, where 

the solvents, chemical additives, and catalysts are present. As a result, base, acid-

catalyzed or ionic liquid-assisted depolymerization can participate in the 

thermochemical technologies to avoid the repolymerization and enhance the yields of 

final products. Gasification is a technology operated at high temperatures (700–1000 

ºC), which converts lignin into a gaseous mixture of H2, CO, CH4, CO2. Gasification 

also produces a trace of acetylene and ethane, commonly used in gas turbines, fuel 

cells, and syngas (Rößiger, Unkelbach and Pufky-Heinrich, 2018). Thus, it can be 

excluded from this section as a modification technique to improve or alter lignin 

structure. Alternatively, in nature, the depolymerization of lignin is primarily 

conducted via the involvement of laccase and peroxidases enzymes secreted by white-

rot fungi and some bacteria. The utilization of enzyme depolymerization and the 

subsequent upgrading is based on minimizing the sugars degradation and decreasing 

the demand for potentially expensive enzymes cofactors (Bugg et al., 2011; Ragauskas 

et al., 2014).  

 

 

2.2.1.1 Oxidation 

 

In general, the oxidative depolymerization of lignin is the cleavage of aromatic rings, 

aryl ether linkages, and/or other linkages in the lignin structure. The alkaline oxidation 

of lignin under oxygen with or without the aid of catalysts is the most intensive 
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investigated process (Rodrigues et al., 2018, p. 54). The only lignin-based process 

industrially conducted is based on the lignosulphonate alkaline oxidation in the 

assistance of air. Lignin can be industrially oxidized with some oxidants, e.g., 

nitrobenzene (C6H5NO2), hydrogen peroxide (H2O2), or metal oxides. The chemical 

oxidation of lignin produces phenolic derivatives of lignin, e.g., syringaldehyde, 

vanillin, and its acids. The operation conditions of lignin oxidation involve high pH 

(close to 14), high temperature (ca. 150 ºC), and high total pressure (e.g., 10 bar) 

(Villar, Caperos and García-Ochoa, 2001; Silva et al., 2009; Pandey and Kim, 2011). 

The oxidative depolymerization of lignin can be employed via different oxidants, and 

their characteristics directly influence the activity and selectivity in the reaction. 

 

Consequently, the selection of oxidants is based on such properties, which can yield 

the maximum amount from the oxidation process. Several aldehydes and other 

phenolics, e.g. p-hydroxybenzaldehyde, vanillic, and syringic acids, are the essential 

compounds to determine reaction efficiency (Rodrigues et al., 2018, pp. 54–56). 

Despite the occurred cleavages in lignin structure, the complexity and 

functionalization of the products increase compared to the product from 

hydrogenation. The oxidation reaction without a catalyst is less selective, causes over-

oxidation, and configures a substantially reduced conversion level to desired products. 

The catalytic oxidation of lignin can be categorized as heterogeneous and 

homogeneous, in which the heterogeneous catalyst allows the ease of catalyst recovery 

and is preferred industrially used to oxidize lignin (Upton and Kasko, 2016). H2O2 is 

a weak acid that is used to degrade and solubilize lignin. Lignin degradation by 

oxidation can be effectively conducted by a mixture of ferrous sulfate and H2O2 

(Pandey and Kim, 2011). 

 

Furthermore, the frequently used transition metal salts are copper sulfate, copper(II) 

oxide, iron(III) chloride, and iron(III) oxide. The referred catalyst has high oxidation 

potential that lets electron transference from the aromatic rings of lignin and results in 

difficulty in metals salts regeneration in the catalytic cycle. Therefore, the addition of 

catalysts aims to accelerate the reaction and enhance aldehydes’ yield (Rodrigues et 

al., 2018, p. 55).  
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2.2.1.2 Pyrolysis 

 

Lignin pyrolysis is based on the thermochemical decomposition of 2 reactions: 

primary and secondary reactions. In the primary pyrolysis, the raw biomass material 

is decomposed directly into the products. Moreover, secondary pyrolysis involves the 

volatile progressed from the primary pyrolysis undergoing further reactions, e.g., 

cracking and other complex reactions including free radicals. The thermochemical 

process is conducted at 280–500 ºC to depolymerize lignin by ether and carbon-carbon 

linkage cleavage. This degradation results in solid, liquid, and gaseous fractions in 

different fractions, influenced by the reaction parameters, e.g., heating rate, reaction 

temperature, carrier gas flow rate, etc. When the temperature is >500 ºC, the aromatic 

rings are rearranged and condensed, releasing hydrogen (Ferdous et al., 2002; 

Laurichesse and Avérous, 2014). There are two types of pyrolysis; namely, slow 

pyrolysis and flash or fast pyrolysis that are operated at 300–700ºC under long 

residence time (5 to 30 minutes) and 600–1000ºC under shorter residence time (0.5–

5s), respectively. Both types of pyrolysis are with the oxygen-free condition. Fast 

pyrolysis is commonly used for bio-oil production and requires small biomass of 1–2 

mm to achieve a high heat rate of 10–10000 ºCmin–1. Meanwhile, slow pyrolysis is an 

energy-efficiency process and is widely applied for small-scale or farm-based biochar 

with a low heating rate of 0.1–10 °Cmin–1 (Laurichesse and Avérous, 2014; Tan et al., 

2021). Some heterogeneous catalysts also assist pyrolysis in increasing deoxygenation 

at higher oil yields than thermal pyrolysis. ZSM-5 zeolite is the most suitable catalyst 

because of its shape, minimizing catalytic coke formation, and selectively forming 

oxygenated compounds into aromatic hydrocarbons (Kalogiannis et al., 2015). Other 

catalysts can be transition metal oxides (Co3O4, MoO3, NiO, Fe2O3, MnO3, and CuO) 

and supported transition metal (Ni, Fe, Mn, Cu, Mo) (Ma et al., 2015).  

 

 

2.2.1.3 Hydrogenolysis 

 

Pyrolysis in hydrogen with the absence of air can be known as hydrogenolysis or 

hydrogenation, in which the smaller fragments are generated while minimizing 

combustion to CO2. The hydrocracking and hydroforming inspire hydrogenolysis of 

lignin in the petroleum process. Hydrogenolysis is the most promising technology to 
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create phenols, cyclic alcohols, and cycloalkanes where it cracks C–O linkage, 

especially β-O-4 linkage in lignin. The selection of suitable solvents and catalysts can 

accelerate the reaction and manipulate the production yield of desired products. 

Compared to neat pyrolysis (thermolysis) or pyrolysis in the appearance of non-

hydrogen-donating solvents, hydrogenolysis results in higher neat transformation, 

higher yields of monophenols, and less char creation (Pandey and Kim, 2011; Upton 

and Kasko, 2016; Cheng et al., 2018). Otherwise, hydrogenolysis is employed by using 

formic acid, isopropyl alcohol, or alkane as alternative sources of hydrogen donation 

(Vriamont et al., 2019). The reaction temperature utilized is in the range of 300–600ºC 

either in hydrogen or in a hydrogen-donating solvent. The higher conversion and oil 

yield from the hydrogenolysis are achieved by pretreating lignin with microwave and 

ultrasound irradiation to enhance C–C bond cleavage. Hydrogenolysis of lignin can be 

carried out with a heterogeneous or homogeneous catalytic system. H2SO4 is used as 

an efficient catalyst in the homogeneous catalytic system to obtain the highest yield of 

monophenolic compounds, although other solid catalysts, e.g., zeolite (Al2(SiO4)3, 

Al2O3) and iron-based catalysts (FeS) have been usually utilized (Upton and Kasko, 

2016; Cheng et al., 2018).  

 

 

2.2.1.4 Hydrolysis 

 

Lignin structure can be cleaved by aqueous alkaline solution under subcritical or 

supercritical environments for a few minutes to a few hours, at the temperature range 

of 280–400 ºC with a total pressure of 20–25 MPa, and the water/lignin ratio varies 

from 2 to 50. Interestingly, hydrolysis of lignin near the supercritical condition (Tc = 

374.15 °C and Pc = 22.1 MPa) makes the water possess unique properties, in which 

the produced organic compounds, e.g., lignin obtains very high solubility and low 

viscosity. Hence, subcritical or supercritical water is helpful for homogeneous, fast, 

and efficient reactions. Notably, a high concentration of H+ and OH– at the subcritical 

environment accelerates many acids- or base-catalyzed reactions (Joffres et al., 2013). 

The hydrolysis of ether bonds during the thermal degradation produces various 

compounds, e.g., phenols, catechol, guaiacol, and other methoxy phenols. Those 

products can be further degraded by hydrolyzing methoxy groups, whereas the 

benzene ring becomes stable at these conditions. In addition, the phenolic bio-char 
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deposits are formed when the reaction reaches adequately long residence time and/or 

high temperature, converting soluble into insoluble products. At the same time, the 

condensed phenols are formed by the formation of earlier heavier products during 

polymerization. Thus, catalysts, e.g., calcium hydroxide, sodium hydroxide, and 

potassium carbonate, can be used to tackle this issue and increase the liquid yield 

production (Joffres et al., 2013; Rößiger, Unkelbach and Pufky-Heinrich, 2018). The 

mixture of co-solvent and water, thus, is introduced to eliminate the condensation, e.g., 

EtOH/water or phenol/water (Damayanti, Wulandari and Wu, 2020). 

 

 

2.2.1.5 Liquefaction 

 

Liquefaction regards the thermochemical conversion with different liquefying agents, 

e.g., phenol and polyhydric alcohols (ethylene glycol, glycerol) and catalysts, e.g., 

chloride, sulfuric and phosphoric acids. It utilizes simultaneous solvolysis and 

depolymerization to create products rich in OH groups functionality. The liquefied 

lignocellulose biomass obtained multiple OH groups, which were utilized as active 

sites to fabricate polyester, PU, and fuels. This method is considered a novel lignin 

modification. It offers the feasibility of controlling and lowering Tg of the produced 

polymers because of the free volume introduced by the ethylene glycol (EG) chains or 

any analogous glycol (Jasiukaitytė-Grojzdek, Kunaver and Crestini, 2012; Laurichesse 

and Avérous, 2014). In liquefaction, the number of OH groups decreases because of 

dehydration and oxidation (Benali et al., 2016, p. 390). Primarily, hydrothermal 

liquefaction utilizes water as a depolymerization medium with temperatures and 

pressures of ca. 150–350 ºC and 5–25 MPa, respectively. According to the framework 

for almost all emerging technologies for lignin valorization, all the strategies focus on 

employing the solvents, catalysts, or additives in the liquefaction process, e.g., H2SO4 

or HCl. The main goal is to eliminate the repolymerization of strong C–C bonds and 

the undesirable sequential depolymerization. The ionic liquid can be the other 

alternative catalyst, while 1-(4-sulfobutyl)-3- methylimidazolium hydrosulfate is used 

in the direct liquefaction of sugarcane bagasse utilizing EtOH/water as solvent (Jin et 

al., 2011; Long et al., 2015; Terrell et al., 2020). Jasiukaitytė et al. (2010) reported 

that the condensed phenolic OH and the G phenolic OH decreased over time under 

liquefaction, which could be attributed to incorporating the aliphatic liquefying agents 
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(glycerol and diethylene glycol moieties). In addition, the carboxylic OH groups 

content increased during the wood liquefaction was addressed to the hydrolysis of the 

ester linkages of the samples. 

 

 

2.2.2 New chemical active sites synthesis 

 

Lignin has many functional groups, e.g., methoxy, OH, carbonyl, and carboxyl groups; 

however, the complexity in lignin structure hindered its applications. Therefore, lignin 

can be modified to enhance the reactivity, increase its solubility, more facile lignin-

based material process, and decrease the brittleness of lignin-derived polymers. So far, 

the reactivity of lignin originates from mainly OH groups and the ortho position of the 

aromatic ring. Therefore, the modification can increase the reactivity of lignin based 

on either the OH group or change the nature of chemical reactive sites. (Laurichesse 

and Avérous, 2014). Various studies introduce new active sites to lignin and are 

illustrated in Figures 2-4. 

 

 

2.2.2.1 Nitration 

 

The surface charge density and functional groups modification are introduced by 

producing nitrolignin derivatives. Nitrating agents are used in non-aqueous solvents 

such as HNO3 with the addition of acetic anhydride, dioxide, NaOH, and/or sodium 

borohydride to create a brownish powder with a molecular weight between 600 and 

2000 Da and 6–7% of nitrogen content (Figueiredo et al., 2018). The mechanical and 

thermal stability were accelerated thanks to the addition of nitrolignin segmented with 

castor oil-based–PU (Zhang and Huang, 2001a). Zhang and Huang (2001) reported the 

improved mechanical properties of the component polymer such as PU and others by 

interpenetrating polymer networks using nitrolignin. Alkali lignin was initially reacted 

with nitrosonitric acid and acetic anhydride to form precipitated reddish-brown 

powder, cast with PU prepolymer to form the film. The elongation breaking and tensile 

strength of produced PU-nitrolignin films were two times higher than PU’s, 

corresponding to the strong network formation between PU and nitrolignin (Zhang and 
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Huang, 2001b). Khabarov et al. (2016) used HNO3 to create a new active site for 

sulfate lignin in an aqueous-dioxane medium that occurred under the homogeneous 

condition at 50 ºC. The synthesized nitrated lignin had a high amount of nitro groups 

that significantly changed the structure of native lignin. The nitro group is one of the 

most vital electron-acceptor groups bound to the aromatic ring and possesses a robust 

interaction with the benzene ring through their π-electrons. 

 

 

2.2.2.2 Animation 

 

Amination is one of the most promising techniques to modify lignin. The amination 

of lignin is based on a Mannich reaction with amine and CH2O to form amine 

functional groups under varied pH environments (Ahuja and Roy, 2020). The Mannich 

reaction is very selective at the C-5 position of the G units, which can be completed 

under acidic conditions. The initial phenolation treatment can increase the phenolic 

aromatic ring for the Mannich reaction. The aminated lignin thus has higher molecular 

mass and increased dispersity, higher stability in water, more positive values of zeta 

potential, more significant charge density, and enlarged LNP size compared to 

unmodified lignin (Du, Li and Lindström, 2014). If the amine groups have a long alkyl 

chain, the aminated lignin can be a surfactant. Otherwise, it can be modified with alkyl 

groups to the tertiary amine during reacting process to form lignin-quaternary 

ammonium, which presents as an excellent surfactant with surface tension 33.2 mN 

m−1 (Huang, Fu and Gan, 2019). The OH groups present in lignin can be epoxidized 

and followed by the amination to be applied as curing agents. However, the tertiary 

amine groups are predominant compared to the primary and secondary amine groups, 

limiting the application of aminated lignin. Therefore, a preceding step prior to the 

Mannich reaction can possess many primary and secondary amines, including 

aliphatic OH and amine groups. This approach can widen the application of lignin to 

prepare PU (Pan, Sun and Zhao, 2013).  
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2.2.2.3 Sulphomethylation and sulfonation 

 

This technique increases the sulfonation groups in lignin’s structure and the tanning 

capacity. Sulphomethylation regards the addition of methylene sulfonate groups to 

lignin’s structure, in which the sulfomethyl groups are introduced through sulfonation 

with the reduction of functional groups by adding CH2O and Na2SO3 to unmodified 

lignin. Likewise, the sulfonated groups are introduced using H2SO4 or Na2SO3 (Paul 

and Inwood, 2014; Ahuja and Roy, 2020). Notably, the aromatic sulfonated group is 

achieved by the ortho position of lignin’s aromatic ring if H2SO4 is conducted under 

strongly acidic conditions. At the same time, the sulfonation obtained by Na2SO3 

treatment majorly occurs at α-position of the aliphatic OH groups and β-O-4 structure 

of unmodified lignin under alkali conditions (Gao, Inwoodd and Fatehi, 2019). 

 

The synthesized sulfomethyl derivative of lignin with different electrophilic 

substitution degrees of aromatic ring and sidechain occurs at various pH, temperature, 

ratio, and reactants. According to Madzhidova et al. (1998), the presence of the sulfo 

group widens the solubility of lignins by adding CH2O and Na2SO3 to lignin with the 

ratio of 1:2:1 under an alkaline medium (Madzhidova, Dalimova and Abduazimov, 

1998). In addition, crosslinking agents such as aldehydes, epoxides, and polyaldehydes 

can support lignin’s thermal stability and dispersibility without the unnecessarily 

increased viscosity. The combined crosslinking addition and high pH condition can 

accelerate the absorption of lignin to adequate size to be used as a dispersant or 

additive (Dilling, 1985). Principally, LS has a higher degree of sulfonate group than 

KL. Thus, they are anionic charged and water-soluble. LS is thus available for various 

applications such as animal feed, surfactant additive in drill oil, etc. (Aro and Fatehi, 

2017). The solubilize lignins result from the sulfonation and hydrolysis of the OH 

group to benzyl sulfonic acid units at the sulfite pulping process (pH from 1 to 5) 

and/or semi-chemical sulfite pulping (pH from 5 to 7). Otherwise, benzylic cation at 

the meta-carbon (6th) position of the aromatic ring reacts with benzylic carbon in 

another molecule, leading to condensation during sulfonation reaction; thus, it reduces 

sufficiently sulfonation reaction since it occurs at α-position. Hence, sulfonation 

reaction is referred to be conducted at high temperatures to avoid condensation. 

 

 



Lam-Thu Nguyen  Literature review of lignin and tannin 

 
19 

2.2.2.4 Hydroxyalkylation  

 

Chemical hydroxyalkylation is commonly used as a modification technique to improve 

lignin’s reactivity, making it more available to fabricate thermoplastics, e.g., 

homogeneous PU. Hydroxyalkylation can be conducted in aqueous alkali solutions or 

organic solutions by reacting lignin with alkylene oxides, e.g., ethylene oxide (EO), 

propylene oxide (PO), and butylene oxide (BO). (Glasser et al., 1984; Wang, Kelley 

and Venditti, 2016; Li et al., 2020). Hydroxyalkyl lignin derivative is one of the most 

attractive etherification alternatives because it can be conducted in aqueous alkali at 

room temperature (limited to phenolic OH groups). Furthermore, it produces 

hydroxylated lignin with outstanding solubility in organic solvents, an unifunctional 

derivative with only aliphatic hydroxyl groups, and it can be separated spontaneously 

from the alkaline, homogeneous reaction mixture the reaction progresses (Lora and 

Glasser, 2002). Hydroxyalkylation focuses on the produced aliphatic OH groups from 

phenolic OH groups through the preferred etherification, which is more reactive than 

isocyanate groups (Kelley, Glasser and Ward, 1989). This method also converts lignin 

with extended polyether chains with an OH group at the end. Hence, it possessed a 

reduction in steric constrains of OH groups and enhancement in miscibility of OH 

groups (Li et al., 2020). The lignin content in hydroxypropyl lignin derivative in the 

flexible aliphatic ether phase is bonded covalently with high modulus lignin chains 

(Glasser et al., 1984). Moreover, the modified lignin after hydroxyalkylation gives 

adhesive strength with low free CH2O by substituting 40 wt% phenol in lignin-phenol-

formaldehyde resin (LPF) fabrication (YouBing et al., 2009). There are two pathways 

to synthesize LPF. Initially, lignin reacts with CH2O. Nevertheless, the condensation 

between lignin and PF resin would be restricted. The second pathway includes lignin 

modification with methylolation, phenolation, and demethylation (Gonçalves and 

Benar, 2001). Hydroxymethylation can occur in the reaction between lignin and CH2O 

in alkali or acidic media to introduce methylol groups into lignin. The OH groups can 

be oxidized under high pH solution and activate the carbon of its para or ortho position 

of the benzene ring to react with CH2O and form a hydroxymethyl group (Huang, Fu 

and Gan, 2019).  
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Figure 2-4. Chemical active sites synthesis of lignin. Reproduced from (Figueiredo et 

al., 2018) 
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2.2.3 Functionality of OH groups 

 

The reactive compatibility reaction can be enhanced by reducing the polarity of lignin, 

which is caused by adding OH groups. The OH group functionality can directly 

influence the chemical reactivity of the material by forming lignin polyol derivatives 

to increase the solubility of lignin. The majority of phenol OH groups of modified 

lignin are converted into aliphatic OH units to improve the availability of reactive OH 

groups (Laurichesse and Avérous, 2014; Liao et al., 2020). The main methods utilized 

to modify the lignin structure involve esterification, etherification, phenolation, 

urethanization, and alkylation/dealkylation, summarized in Figures 2-5. 

 

 

2.2.3.1 Esterification 

 

This method is the simplest one to modify lignin’s OH groups to improve the solubility 

of lignin for molecular-weight assessment and structural analysis. Lignin can be 

esterized by using organic acids such as acid anhydrides or acyl chlorides in the 

presence of suitable acid, e.g., H2SO4 or zinc chlorine, or primary catalyst, e.g., 

pyridine (Laurichesse and Avérous, 2014; Wang, Kelley and Venditti, 2016; Li et al., 

2020). The esterification of lignin can be conducted through three different 

procedures: ring-opening reaction using cyclic ester, condensation polymerization 

with carboxylic acid chlorides, and dehydration polymerization under dicarboxyic 

acids (Matsushita, 2015). Most of the compounds used are bio-functional, leading to 

the lignin-based polyester networks. Therefore, it is currently practiced incorporating 

co-macromonomers, e.g., poly(ethylene) glycol (PEG) (Gandini et al., 2002). 

Hydroxypropylated softwood KL reacted with Ɛ-caprolactone to obtain lignin-based 

polyester, in which the polyester possessed a star-like shape with hydroxypropylated 

softwood KL core the start, and Ɛ- caprolactone present as arm-segment (Matsushita, 

2015; Figueiredo et al., 2018). Lactide can also be used as copolymerization with 

lignin to yield lignin-polylactide polyester under solvent-free with triazabicyclodecene 

as a catalyst in metal, which aimed to increase the miscibility of lignin with other 

bioplastics (Chung et al., 2013). KL from softwood and hardwood were esterified with 

various anhydrides to alter their solubility behavior under nonpolar solvents, e.g., 

styrene-containing thermoset resins. Increasing the carbon chain length on the ester 
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groups can increase the solubility of KL in nonpolar solvents since the esterification 

with unsaturated groups like methacrylic anhydride enhances the solubility to a less 

extent than the saturated analogs. So, most esterified lignin is dedicated to producing 

epoxy resin, polyester, and elastomeric materials (Thielemans and Wool, 2005; 

Laurichesse and Avérous, 2014).  

 

 

2.2.3.2 Etherification 

 

Lignin-based polyether can be prepared by one or any combination of the following 

procedures: polymerization reaction with the alkylene oxides, polymerization using 

epichlorohydrin, crosslinking with diglycidyl ether, and solvolysis of lignin with 

ethylene glycol. Aromatic moieties will improve the mechanical and thermal 

properties of epoxy resins. (Glasser, Wu and Selin, 1983; Wu and Glasser, 1984; 

Figueiredo et al., 2018). Oxyprolylation is the most expensive investigated 

etherification method that modifies lignin with PO to yield macropolyols. The OH 

groups of lignin produced oxianions by reacting with PO in the existence of an alkaline 

catalyst, e.g., KOH at 150–200 ºC for 1–2 hours (Sadeghifar, Cui and Argyropoulos, 

2012; Kai et al., 2016). Oxyalkylation affects the phenolic OH groups of lignin since 

it is a selective reaction, where the phenolic OH groups may be extended with 

poly(propylene glycol) chains. The reaction results in one secondary OH group at each 

end chain, which follows an anionic ring-opening polymerization mechanism (Ahvazi 

et al., 2011; Sadeghifar, Cui and Argyropoulos, 2012). KOH is responsible for 

catalyzing oxyalkylation with OH groups. However, other catalysts can also be used, 

e.g., polyphosphazenium, cesium hydroxide, aluminum tetraphenyl porphine, and 

many tertiary amines offering outstanding reactivity of lignin (Laurichesse and 

Avérous, 2014). Generally, the reaction transforms insoluble lignin and solid into 

strongly soluble polyol in many different organic solvents. This reaction is applied 

intensively on diverse biopolymers and biobased materials holding OH groups, e.g., 

chitosan (Fernandes et al., 2008) and corn starch (de Menezes et al., 2009), and many 

other materials.  

 

Additionally, oxyalkylation always occurs by secondary reaction, called PO 

homopolymerization and isomerization. The produced homopolymers play a vital role 
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in not only ensuring the reactivity of polyol mixture with isocyanate and/or carboxylic 

acid but also in the mechanical properties of the final materials, in which the phenolic 

groups from lignin is free from steric hindrances and to yield a lignin-based liquid 

polyol with lower Tg compared to the initial powder. The composition of the final 

polyol mixture is influenced by many parameters, e.g., temperature, types of lignin, 

the amount of catalyst used, different lignin/PO ratios (Laurichesse and Avérous, 

2014; Bernardini et al., 2015). 

 

 

2.2.3.3 Phenolation 

 

Phenolation aims to condense phenol with lignin aromatic ring and side-chain to 

improve the reactivity of lignin under acidic medium by directly increasing the 

phenolic OH groups and reactive sites for adhesive applications, e.g., lignin-based 

phenol resins (Effendi, Gerhauser and Bridgwater, 2008; Laurichesse and Avérous, 

2014; F. Zhang et al., 2019). In different circumstances, phenolation can be carried 

out in alkaline conditions to effectively obtain more active sites on technical lignins, 

based on the primary catalyst conditions applied in lignin-phenol-formaldehyde (LPF) 

resin adhesive synthesis. The alkaline condition purposes of releasing cellulose-rich 

residue for bio-EtOH production. Afterward, the effluent from the alkaline treatment 

was adjusted to acidic conditions to precipitate lignin. The obtained modified lignin 

can be used directly to manufacture LPF without further treatment (Yang et al., 2014).  

 

Jiang et al. (2018) reported that the condensed lignin and higher S units have higher 

reactivity than the G unit during phenolation. The produced phenolated lignin 

contained more phenol OH groups and free active sites, thereby enhancing the 

reactivity of lignin toward thermoset applications. The molecular weight and yield of 

phenolated lignin strongly depend on the acid charge, in which the relatively low acid 

charge results in a higher yield of phenolated lignin. Because the low molecular weight 

product as the soluble fraction derives from the introduction of phenol and cleavage 

of β-O-4 linkage occurrence (Matsushita et al., 2007).  
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2.2.3.4 Urethanization 

 

PU is typically synthesized from diisocyanate and polyols, while lignin possesses 

aliphatic and phenolic OH groups and thus presents as a polyol-like material 

(Matsushita, 2015). Therefore, urethanization is defined as the reaction of lignin OH 

groups with isocyanate groups, active RNC=O sites to generate a urethane link through 

an exothermic reaction. This modification method transforms lignin into an alternative 

raw material for PU synthesis instead of more pressure on fossil-based products. The 

PU synthesis is categorized into two routes: one-step reaction by mixing lignin with 

diisocyanate and a different diol co-monomer. A two-step reaction involves preparing 

diisocyanate-based prepolymer, the polymerization reaction of lignin, and the 

prepolymer present as polyol chain extender. The PU versatility allows a broad range 

of materials, e.g., low-temperature elastomer, high tensile adhesives, flexible or rigid, 

depending on the appropriate applications (Laurichesse and Avérous, 2014; Ahuja and 

Roy, 2020). In general, lignin and diisocyanate play the crucial role for ‘hard 

segments’ while diol constitutes the significant ‘soft segment’ in the structure of 

lignin-based PU (Laurichesse and Avérous, 2014).  

 

 

2.2.3.5 Alkylation/dealkylation 

 

The alkyl groups are introduced into lignin by substitution or addition. Otherwise, the 

alkyl groups can be removed from lignin, known as dealkylation. The enhancement of 

hydrophilicity of lignin can be done by oxidation or sulfonation, but the lipophilicity 

of lignin demands alkylation of lignin with a long chain of the alkyl group (Speight, 

2017; Huang, Fu and Gan, 2019). There are three methods for alkylation lignin: 

reaction with diazoalkane, reaction with alcohol under catalyst (e.g., HCl), or reaction 

using alkylsulfates and NaOH (Figueiredo et al., 2018). The alkylation of lignin can 

be carried out at 50–120 ºC for 180 minutes by reacting long-chain (C5 – C12) 

alkylphenol and CH2O. It is followed by reacting with lignin under 100–160 ºC for 

300 minutes. The alkylated lignin obtained can be utilized as a surfactant in the oils 

field for oil extraction (Huang, Fu and Gan, 2019). Demethylated lignin via 

demethylation is the representative modified lignin for alkylation/dealkylation, 

recognized as a by-product in DMSO manufacturing. DMSO is a polar aprotic solvent 
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synthesized by lignin and molten sulfur reaction in alkaline media. To obtain DMS, 

the methyl group from lignin to sulfur is then oxidized with nitrogen to yield DMSO 

(Laurichesse and Avérous, 2014). The lignin phenols can be alkylated to accelerate 

their molecular weight and hydrophobicity to be soluble in oil than unmodified lignin. 

Lignin is fractionated into smaller fragments by being treated under high temperature 

and high pressure with a catalyst with CO or hydrogen reducing agent. The producing 

lignin phenols are converted into lignin surfactant by reacting with the epoxy 

compound under 125–175 ºC for 120 minutes (Debons et al., 1988). 

 

 
 

Figure 2-5. Summary of main OH groups functionality. Reproduced from  (Figueiredo 

et al., 2018) 
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2.3 LNP preparation methods 
 

Lignin, as said earlier, is complex due to its macromolecular structure, and 

significantly depends the botanical source and isolation techniques despite the copious 

availability of lignin. The valorization and utilization of lignin can be extended by 

fabricating lignin into nanoscale under uniform shape and size. Nanoparticles from 

biodegradable sources are preferable as a promising innovation for many approaches. 

Therefore, lignins have been broadly synthesized in nano size, where their preparations 

comprise antisolvent precipitation, polymerization, solvent exchange, interfacial 

crosslinking, ultrasonication, and biological methods, which are displayed in Figure 

2-6. 

 

 

 
Figure 2-6. Summary of LNPs preparation method 
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2.3.1 The formation mechanism of LNP and its morphology 

 

The formation of LNPs depends on the preparation methods, non-modification or post-

modification of isolated lignin, initial lignin concentration, the solvent used, and the 

end-point solvent concentration and process parameters, e.g., pH, temperature, and 

temperature stirring rate. Theoretically, the intermolecular and intramolecular 

hydrogen bonding of lignin molecules is broken thanks to the polar solvent used to 

dissolve lignin. The formation of LNPs is addressed to the amphiphilic property of 

lignin, which involves both hydrophilic (OH and carbonyl groups) and hydrophobic 

(phenylpropanoid unit) parts. The hydrophobic part of lignin may self-assemble as the 

vital element in the LNP formation mechanism, and the hydrophilic part turns towards 

its surface. When lignins dissolve in water and polar organic solvent, the formation of 

LNPs occurs in a hydrophilic aggregation due to the non-covalent interactions. As a 

result, lignins tend to organize themselves into spherical shapes that minimize their 

surface areas which possibly contact the non-solvent phase (Figueiredo et al., 2018; 

Österberg et al., 2020). Self-assembly is the crucial principle of LNP formation. It is 

described as the arrangement of spontaneous molecular of the disorder entities into an 

ordered structure from local interaction among the components themselves. In other 

words, colloids in this process are used as the building block under the local 

environmental conditions and form into the predetermined colloidal surface. LNPs 

dispersed in liquid represent colloidal dispersions that involve intermolecular 

noncovalent interactions such as hydrophobic, electrostatic, hydrogen bonding, Van 

der Waal, steric effect, DLVO theory. This self-aggregation mechanism is suitable for 

therapeutic delivery to address concerns related to healthcare, medical diagnostics, and 

biomimetic nanocomposites synthesis (van Dommelen, Fanzio and Sasso, 2018; 

Mishra and Ekielski, 2019; Yadav, Sharma and Kumar, 2020). 

 

LS possesses strong hydrophilicity among technical lignins to transform into reserve 

micelles. It is recommended to crosslink LS to increase its hydrophobicity (Tang et 

al., 2020). Additionally, alkali lignin has the same characteristic unless 

hydrophobically modified or dissolved in a mixed solvent (Zhong et al., 2016). Qian 

et al. (2014) introduced acetylated lignin (ACL) dissolved into THF and formed 

ordered colloidal spheres via hydrophobic aggregation of ACL molecules. The 

precipitate was removed from THF by rotary evaporation with a hydrodynamic radius 
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of 110 nm (Qian et al., 2014). Zhong et al. (2016) prepared sodium LS to reverse 

micelles (SLRMs) by self-assembling in EtOH-water media and applied to encapsulate 

horseradish peroxidase. The obtained product was fabricated by adding EtOH to 

sodium lignosulfonate (SL) aqueous solution. If the added EtOH content achieved 

63% when its initial concentration was 7.5 g/L, SL would initiate emulsifying and 

forming SLRMs under vesicular sphere shape induced by strong electrostatic 

repulsion. C. Jiang et al. (2013) studied that SL absorbs poly 

(diallyldimethylammonium chloride) through ion-ion interactions, cation-π, and π-π 

interaction to produce colloidal lignin-poly(diallyldimethylammonium chloride) 

complexes (LPCs) under high pH value. LPCs were mixed with natural rubber (NR) 

latex and presented as nanocomposites. The resulting compound was coprecipitated 

by adjusting the pH to 2 using H2SO4, forming NR/lignin nanocomposites with 

improved mechanical properties. 

 

Particles with controlled morphology features are entitled to control their properties, 

which could be difficult to achieve with irregular and heterogeneous geometries. Two 

morphological considerations are implicit in this topic: shape and surface topology 

(Österberg et al., 2020). There are different shapes produced from different LNP 

preparations for different utilization, including sphere (Xiong et al., 2017b), 

aggregate-like cluster (Kai et al., 2015), aggregate (Yang et al., 2019), hollow spheres 

(Li et al., 2016), quasi-spherical (Chen et al., 2018), cuboid (Saratale et al., 2019), 

non-spherical (Richter et al., 2015), or irregular shape (Gilca, Popa and Crestini, 

2015). An exact configuration of LNP is illustrated in Figure 2-7. From the engineering 

perspective, spherical particles do not have a sharp edge over other shapes, which may 

break or wear off during the process. The efficient ordering of objects depends on size 

and size regularity, which could be in an ultimately packed state with pores and necks. 

Thus, the solid and void phase can be the two-component system for the assumption 

for any predictions. The highest packing density is ca. 74% of volume. Meanwhile, a 

random packing of equal spheres is generally around 64%. The upper bound order of 

random packing densities of basic monodisperse 3-dimensional (3D) objects from the 

numerical simulation results are as: cube (0.78) > ellipsoid (0.74) > cylinder (0.72) > 

spherocylinder (0.69) > tetrahedron (0.68) > cone (0.67) > sphere (0.64) (Li et al., 

2010). The morphologies of molecules influence the binding forces between 

molecules and their ability to form the crystal. Particularly, the binding forces between 
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particles are affected by the size and shape, and eventually affect the properties of 

assembled nanoparticles. Nevertheless, the interfacial interactions relate to the surface 

area of colloids, which are complex in rough surfaces. Therefore, the surface 

roughness diminishes the double-layer potentials because of the sizeable interfacial 

separation. The rough surface particles are more likely to aggregate because of the Van 

der Waal interaction and weak ionic strength, directly addressing the essence of 

surface heterogeneity on colloidal stability (Österberg et al., 2020).  

 

 
Figure 2-7. Representation of different shapes of LNPs. 

 

 

2.3.2 Antisolvent precipitation 

 

Lignin theoretically is insoluble in water and acidic solutions. Nevertheless, it has 

good solubility under common organic solvents such as N, N-Dimethylformamide 

(DMF), THF, EG, or DMSO because of its excellent solubility performance lignin 

under those organic solutions without significantly influencing the structure of lignin. 

THF and DMF are usually used as a solvent to dissolve the lignin to prepare LNPs 

(Mishra and Ekielski, 2019). The antisolvent precipitation method for LNP preparation 

has the advantages of simple operation and demands a low level of equipment (Zhang, 

Terrasson and Guénin, 2021).  
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2.3.2.1 Acid solution as antisolvent  

 

The acid solution is utilized to generate LNP based on the difference in the solubility 

of lignin in acid solution and organic solvent. A sufficient amount of H+ in acid 

solution leads to lignin precipitation, attributed to the electrical double layer theory 

(Trefalt, Behrens and Borkovec, 2016; Zhang, Terrasson and Guénin, 2021). Gupta et 

al. (2014) obtained LNP with a diameter range of 50–250 nm, which was carried out 

using sulfonated lignin/EG solution and HCl to form the final pH of 2. HCl was 

selected due to its polyprotic property that can control the hydrolysis reaction and 

particles formation. It also revealed that LNP size is proportional to the HCl 

concentration. Yang et al. (2015) provided LNP ca. 50 nm via the same precipitation 

procedure was accomplished with EG solvent and HCl as antisolvent. LNPs had a 

clustered structure, and they were uniformly distributed and thermally stable than raw 

lignin in a broad range of pH (Yang, Kenny and Puglia, 2015). 

 

Moreover, it was found that the final LNP size was influenced by the initial 

concentration of lignin in the EG solution (Frangville et al., 2012). Richter et al. (2016) 

applied the flash-precipitation method, which utilized EG and acetone as a solvent for 

KL and OSL solution, respectively, and adding rapidly HNO3 as an antisolvent to each 

mixture to form LNPs. Both LNP systems (60–80 nm) were generally stable under a 

wide pH range from moderately acidic beyond the physiological pH. It indicated that 

KL was more complex with additional hydration or steric interactions to facilitate 

stability under elevated salinities and low zeta potentials.  

 

Beisl et al. (2018) examined LNP/EtOH precipitation under H2SO4 solution with three 

different setups: batch, mixing of extract OSL and T-fitting, and mixing of extract OL 

and T-fitting followed by a static mixer. The smallest LNPs were derived from the 

mixing of extract OSL and T-fitting followed by a static mixer, representing the 

highest mixing speed. T-fitting gained the highest precipitation yield of LNP. The 

LNP’s yield was influenced by the pH value where lower pH of 2 increased the yield 

than a pH of 5, while the increased pH was proportional to the reduction of LNP’s size. 

The molar mass of LNP and chemical composition were independent of the 

precipitation setups.   
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2.3.2.2 Supercritical CO2 as antisolvent 

  

Supercritical CO2 (SCF) is used as an antisolvent to create distinguished physical and 

chemical properties of the resulting nanoparticles product and is commonly used as, 

e.g., drug delivery vehicles (Reverchon, 1999; Tu, Dehghani and Foster, 2002). Lignin 

has poor solubility in SCF compared to its solubility in organic solvents. The 

introduction of SCF to the lignin/organic solvent lowers lignin’s solubility, resulting 

in a significant degree of saturation quickly. The produced LNPs from SCF possess 

small particle size and narrow size distribution because SCF has low surface tension 

and low viscosity. Other advantages of SCF are abundance, affordable cost, non-

flammability, non-toxicity, and environmental benignity (Myint et al., 2016; Zhang, 

Terrasson and Guénin, 2021). Myint et al. (2016) developed LNPs by adding 

compressed CO2 solution into lignin/DMF solution. The average size of LNPs (38 nm) 

and the size distribution increased with the increased temperature and decreased 

pressure. The lower flow rate of the mixture also increased colloids’ size. The 

produced LNP exhibited significant dispersion stability UV adsorption, non-toxicity, 

and thermal degradation. By using compressed CO2 as an antisolvent, the surface of 

LNPs was modified with high functionality of OH, carbonyl, and carboxyl groups to 

improve its solubility and stability in water. A similar procedure was reported by Lu 

et al. (2012), in which the LNPs were prepared using acetone as solvent and SCF as 

antisolvent. The prepared LNPs had a size around 144 nm, and compared to the non-

LNPs, they obtained a significantly high solubility in water, antioxidant activity, and 

free radical scavenging activity, resulting from the improved specific surface area. 

Despite many benefits from using SCF as an antisolvent, the mentioned methods did 

not reveal a uniform dispersity in the used solvent, and agglomeration might occur. 

The utilization of rotary evaporation or freeze drying did not accurately control LNPs’ 

size and morphology. Thus, other LNP preparation techniques such as solvent 

exchanges and physicochemical methods can be introduced to obtain lignin colloids 

with diverse sizes and morphology (Zhang, Terrasson and Guénin, 2021).  

 

 

 

 



Lam-Thu Nguyen  Literature review of lignin and tannin 

 
32 

2.3.3 Solvent exchange method  

 

Based on the principle of anti-solvent precipitation, the reduction of lignin’s solubility 

in an organic solvent is introduced by water. Water dispersion of LNPs was prepared 

by solvent exchange through dialysis. LNPs in the solvent exchange method is 

dissolved in organic solvent and then immersed in deionized water for a day for the 

dialysis, which aims to substitute water to organic solvent by nucleation growth 

mechanism. Free lignin was hydrophobically segregated by water and formed 

compartments in nanoscales. The concentration of pre-dialysis dissolved lignin 

decided the final size of LNPs. At high lignin concentration, the dialysis occurred fast 

and created highly dispersed LNPs (different in size), explaining a slight increase in 

LNPs’ size compared to the lower concentration (Lievonen et al., 2016; Figueiredo et 

al., 2018). 

 

Spherical LNPs of between 200 and 500 nm were prepared by dissolving KL in THF 

solution and introducing deionized water via dialysis. The minimum LNP’s size 

appeared when the pre-dialysis lignin concentration was ca. 1 mg/mL. The LNP size 

continued to extend by nucleation mechanism when the concentration increased until 

10 mg/mL. The electrical double layer mechanism induced a negative zeta potential 

of –60 mV, which resulted in more colloidal stability and an easy-controlled spherical 

shape in varying pH and salt conditions. The drawback of this method is the 

straightforward preparation of LNP from KL, which makes the size of spherical LNP 

and THF solvent utilization more challenging to control accurately. When LNPs were 

dispersed in water, the surface charge of LNPs promoted the electrical double layer by 

a phenolic OH group and possible carboxyl group during the dispersion of lignin in 

water. Therefore, the stability of LNPs was provided by the electrical double layer 

repulsion, which was caused by the relatively high value of zeta potential (distance 

from zero). Therefore, the produced LNPs gained excellent stability in pure water 

without segregation in 60 days (Lievonen et al., 2016).  

 

The stable dispersion of LNPs in EG solution under low pH can be further dialyzed 

through the water to exchange EG with water. It is noted that if EG/low-sulfonated 

lignin solution was not added to any acid to form the acidic environment, there were 

no LNPs precipitated during dialysis since sulfonated lignin has significant solubility 
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in both EG and aqueous solution at high pH (>10)  (Frangville et al., 2012). Otherwise, 

Zou et al. (2019) prepared LNPs by dissolving lignin in acetone water instead of THF-

water and rotary evaporation to remove acetone instead of dialysis. It was claimed that 

LNPs obtained from rotary evaporation were more prominent than dialysis since 

acetone in lignin/acetone solution has no azeotrope with water. 

 

Figueiredo et al. (2018) successfully synthesized pure LNPs and iron(III)-complexed 

LNPs with THF at room temperature for 24 hours as nanocarriers, particularly cancer 

therapeutics. The mixture was dialyzed against water using a dialysis bag, in which 

lignin molecules self-assembled into colloid spheres as the THF was substituted to 

deionized water. A solution of oleic acid-coated Fe(OiPr)3 nanoparticles was 

conducted in THF into the lignin solution to create Fe2O3-LNPs with the size of 464 ± 

15 nm. In another study, lignin was self-assembled by dissolving in THF and EtOH 

solution with an average diameter of ca. 20 nm and the zeta potential of –40 mV. The 

steps involve lignin dissolution, LNP formation, solvent evaporation, ultrafiltration, 

and spray drying. The used THF was recycled from the rotary evaporation to minimize 

chemicals and lower the energy consumed per kilogram. Furthermore, the energy 

consumption to remove water from LNP can be minimized by increasing the 

concentration of LNP (Lintinen et al., 2018). THF is less polar than EG, which might 

benefit nanoparticles formation, whereas EG as solvent will produce irregular shape 

and morphology (Frangville et al., 2012; Lievonen et al., 2016).  

 

Chen et al. (2018) prepared self-assembled LNP with a hydrodynamic diameter 

ranging from 80–230 nm by non-toxic aqueous sodium p-toluenesulfonate (pTsONa) 

solution (APS) at room temperature. The quasi-spherical LNP reduced as the pH value 

increased, caused by the synergistic dissociation of APS, the phenolic OH, and COOH 

functional groups of LNP. As mentioned above, the size of LNP obtained 

proportionally increased to the increase of initial lignin concentration. It meant that 

more vital π-π stacking interaction occurred at larger LNP. Using APS as the solvent 

can overcome the solubility limit of different kinds of lignin, yet the LNPs were also 

pH-dependent, where its morphology was unstable when the pH value changed. In 

conclusion, the outstanding performance of LNP prepared from solvent exchange 

should display outstanding stability under a wide range of pH with a particular ionic 

strength by enlarging the initial lignin into the dialysis membrane; the surface charge 
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of LNPs can be modified via adsorption of oppositely charged polyelectrolytes. LNP 

preparation is feasibly scaling-up using THF solvent because of the recycling 

possibility by evaporation (Lievonen et al., 2016). 

 

 

2.3.4 Polymerization  

 

Lignin is blended with hydrophilic polymers to enhance plastics' processability and 

thermal stability. It can be grafted or modified with other polymers to create gels and 

temperature-responsive material. The grafting polymerization techniques between 

lignin and polymers include graft-from, graft-onto, and graft through. The ‘graft from’ 

method builds the grated polymers from the active sites located in the backbone 

polymer (lignin). In other words, grafted polymers are grown from initiator sites on 

lignin through many techniques, comprising atom transfer radical polymerization, 

ring-opening polymerization, radical polymerization, and chain-transfer 

polymerization. Otherwise, the ‘graft-onto’ method occurs between lignin and the end 

groups of polymers. It is more versatile integration reactions and gains more 

advantages in reaction conditions, solvent selection, and purification methods. Finally, 

the graft-through method introduces a macromolecule to polymerize a regular 

monomer. However, this method produces irregular 3D structure networks and poor-

defined chemical structures. This technique consequently limits the preparation of 

LNPs (Liu et al., 2015; Kai et al., 2017; Liu and Chung, 2017).  

 

 

2.3.5 Ultrasonication  

 

Ultrasonication (US) or ultraviolet method can decrease the particle size of lignin into 

nanoscale (10–50 nm) by physical treatment, e.g., cavitation. The US is considered an 

assistance tool to intensify the process by enhancing the mass transfer and dispersion 

phenomena. The utilization of US avoids the hazardous chemical pre- or post-

treatment on the material. This method does not require solvent fractionation, and 

therefore, it is an environmentally favorable overall process. Cavitation is a 

phenomenon induced by a high-frequency sonic wave (16–100 kHz) through liquid 
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mass, which causes the sequential formation (increase or decrease) of millions of vapor 

bubbles in a liquid. (Gilca, Popa and Crestini, 2015; Gonzalez et al., 2017).  

 

Regardless, the duration of US irradiation intensities that do not achieve a certain 

threshold would lead to no chemical reaction. Hence, a parameter such as a 

temperature, pressure, ultrasound setting, and liquid type affect the formation radical 

in many manners. In particular, the number of radicals formed because of sonication 

is a function of the number of cavities generated and the number of radicals formed 

per cavitation bubble (Gilca, Popa and Crestini, 2015). In the presence of aqueous and 

air, both OH and superoxy radical species are produced. Ultrasound can result in the 

homolytic scission of the macromolecular chains leading to pair radicals or 

polymerization of monomers. Sonication energy is applied to improve the lignin 

extraction yield and purify lignin by removing all inorganic compounds without 

significantly changing lignin’s properties (García et al., 2012; García, González 

Alriols and Labidi, 2012).  

 

Zou et al. (2019) investigated that a higher concentration of chitosan-coated LNP 

dispersion would improve enormously the emulsification properties formed by the US. 

It was found that a high mass fraction of chitosan to LNPs enormously increases the 

fraction of tiny oil droplets. Therefore, olive oil-based Pickering emulsion stabilized 

substantially against coalescence, with a decreased average diameter of oil droplets, 

~25µm, and uniformed droplet size distribution under an extended period. B. Wang et 

al. (2019) studied the influence of different ultrasonic intensities (from 0 to 200 W) on 

LNPs’ size by applying the US for 1 hour. LNPs were initially prepared by solvent 

shifting and assisted by the US. The results disclosed irregular shape, wider size 

distribution, large LNPs’ size, which were resulted from non-ultrasonicated LNPs. 

Contrastingly, US treatment promoted the surface morphology and uniformity of 

LNPs, reduced the particle size, and increased the production yield of LNPs.  

 

 

2.3.6 Interfacial crosslinking method  

 

Interfacial crosslinking includes the emulsification process and is commonly in an oil-

water phase with the implementation of crosslinking agent to crosslink the dispersed 
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material, resulting in the precursor microemulsion formation. The generated LNPs 

then could be used in the interfacial stabilization of the Pickering system and 

particularly microcapsules (Tortora et al., 2014; Nypelö, Carrillo and Rojas, 2015; 

Chauhan, 2020). Principally, crosslinking arises by ring-opening and attachment to the 

phenolic OH groups of lignin, dehydrochlorination, and the reaction of another 

phenoxy ion with the ring, leading to the crosslinked structure LNPs. The crosslinking 

mechanism is influenced by the ratio of crosslinker to lignin and reaction temperature 

and the emulsion formulation composition of the internal phase and surfactant 

(Nypelö, Carrillo and Rojas, 2015).  

 

Lignin microcapsules were successfully prepared by Tortora et al. (2014), where 

water/oil emulsions in lignin aqueous solution were created and followed by 

crosslinking lignin at the water/oil interface with the aid of ultrasound. H2O2 or 

telechelic EG was used to intensify oxidative condition or as a crosslinker, 

respectively. Additional oxidant species promoted the oxidative coupling reactions 

within the lignin backbone during ultrasound treatment. H2O2 was selected as the 

oxidizing agent during the ultrasound treatment to generate radical species (•OH 

radicals). Poly(ethylene glycol) diglycidyl ether (PEGDEG) was utilized as a 

crosslinker and preincubated lignin to produce lignin capsules. The microcapsules 

were collected by centrifuge and washing under a spherical configuration with a 

particle size of 0.3–1.1 µm.  

 

In a different study presented by Chen et al. (2016), sodium LS reacted with ally 

bromide to form allyl-functionalized lignin. The modification was employed using 

NaOH, deionized water, followed by dropwise excess allyl bromide. Unreacted allyl 

bromide was removed using rotary evaporation and dialysis using a semi-permeable 

membrane. The oil-in-water miniemulsion was generated using butyl acetate as the oil 

phase to aid US assistance, azobisisobutyronitrile (AIBN, oil-soluble initiator), 

trimethylolpropane tris(3-mercaptopropionate) as a crosslinker, and hexadecane as co-

stabilizer, further adding water phase bound LS to form and retain the mini-emulsion. 

The prepared LNPs gained pH-responsive properties, induced by the existence of acid-

labile b-thiopropionate cross-linkages in the capsule shell. As a result, the capsules 

had particle sizes ranging from 50 to 300 nm, and they can control the release of 

hydrophobic molecules.  



Lam-Thu Nguyen  Literature review of lignin and tannin 

 
37 

2.3.7 Biological method 

 

There are not many investigations of biological methods. The biological method uses 

enzymes or microorganisms to engineer LNPs. Rangan et al. (2017) developed LNPs 

produced from lignocellulose fibers of Indian ridge gourd (Luffa cylindrica). The 

lignin-cellulose complexes were broken down into nanostructure, and the products 

were possible for the pharmaceutical application by developing polymer-based 

composite films utilizing these engineered LNPs. Luffa cylindrica was cryo-crushed 

by freezing in liquid nitrogen and followed by milling. The fibers were fractionated 

using organo-solvent using acetone, EtOH, and toluene. The obtained fibers were 

soaked with enzymes Multifect CX GC Cellulase, Multifect Pectinase FE, Optimase 

CX 255L (10%, 15%, and 15%, respectively). The mixture was incubated with shaking 

at 55 ºC for 25 hours at pH 5 to produce nanoparticles in a cuboidal shape and a 20–

100 nm average size range. Mattinen et al. (2018) prepared enzymatically and 

chemically crosslinked and decolorized LNPs from softwood KL. The LNPs had a 

spherical shape and the size of ca. 200 nm in a non-malodorous aqueous dispersion, 

which could be thermally dried and redispersed in THF. The stability of LNPs 

dispersion was maintained by adding high Trametes hirsuta and Melanocarpus 

albomyces to the organic solvent through intraparticle crosslinking and surface.  

 

 

2.3.8 Other methods 

 

Other methods are less intensively studied, but they can assist the mentioned methods. 

Aerosol flow reactor is used in surfactant-free emulsification to develop LNPs in 

spherical shapes. In this process, the lignin precursors solution was continuously 

atomized and formed an aerosol followed by passing through a heating tube with the 

aid of a nitrogen gas carrier. Dry LNPs were collected downstream of the system and 

had a size range of 30 nm to 2 µm, which depended on the lignin fraction and lignin’s 

source. Hence, the surface energy and charge of the LNPs can be varied based on the 

precursor used. The formed LNPs were effectively used stabilizing oil/water Pickering 

emulsion (Ago et al., 2016). 
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Spender et al. (2012) synthesized KL nanofibres by ice-segregation-induced self-

assembly process with diameter <100 nm in an aqueous solution. This technique 

involves dissolving or suspending a material in water and freezing the solution for the 

ice crystal growth and polymeric material phase separation. The ice crystal’s 

morphology was controlled by the dispersed phase's freezing rate, polymer 

concentration, molecular weight, and volume fraction. Water was removed from 

polymer matrices by sublimation. This process is broadly used to prepare chitosan, 

polyaniline, or polymeric scaffolds. Mainly, lignin solution was deposited on a 

tempered steel drum with the rotating speed of 300 rpm, tempered in liquid nitrogen 

at 77 K. The intimate contact of the solution with the cold sink froze rapidly create 

LNPs within 0.01 s. In contrast, the material insulated from the cold sink underwent 

higher thermal resistance through progressive ice formation and generated more 

extensive macroscopic polymer morphology because of the slow freezing rate.  

 

Mechanical shearing, or the so-called homogenization method, homogenizes the 

lignin particles in an emulsion system or suspension. The chemical bonds of lignin are 

broken under the applied high shear force (Zhang, Terrasson and Guénin, 2021). A 

simple high shear homogenizer is present by the initial KL particles in pure water with 

a wide range of size distribution from large micro to nano sizes were completely 

homogenized to LNPs with the size <100 nm after 4 hours of mechanical shearing. 

The chemical composition, molecular weight distribution, and polydispersity index 

(PDI) of modified LNPs by homogenization technique did not alter compared to KL 

particles, which were observed by NMR spectroscopy and GPC analysis (Nair et al., 

2014). Compared to ultrasonication, the drawback of homogenized LNPs is that higher 

sedimentation and more inferior stability (Zhang, Terrasson and Guénin, 2021).  

 

Recently, Conner et al. (2020) developed LNPs by recirculation-enhanced flash 

nanoprecipitation. The recycling loop operation allowed all lignins in acetone solution 

to form nanoparticles by injecting the solution through a syringe to the antisolvent 

water medium. Hence, it demanded to analyze and control the LNPs nucleation and 

growth mechanism because the formed LNPs were mixed with lignin as a dispersion 

continuously. Therefore, decoupling the initial lignin concentration must be conducted 

in two different routes. The initial route describes mixture into the turbulent regime, 

and the flow rate was not influenced by the final size LNPs. The second route of 
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decoupling the LNPs’ size is the modified LaMer mechanism happening at mixing. 

The continuous burst nucleation upon additional lignin to the formed LNP dispersion 

prompts a homogeneous size distribution rather than further growth of the recirculated 

nanoparticles. This method operates a novel pathway to scaling up the continuous 

fabrication of LNPs.  

 

Carbon nanoparticles were prepared using lignin as raw material by freeze drying, then 

thermal stabilization and carbonization. Lignin dissolved in ionized water with 

various KOH concentrations under sonication and was solidified using liquid nitrogen. 

The solidified lignin was dried by freeze drying to produce porous lignin formation, 

followed by the thermal stabilization at 250 ºC at a 1 ºCmin–1 ramp rate, which helps 

lignin enhance its porous microstructure retention during the carbonization. The 

produced lignin samples were carbonized in a furnace at 700 ºC for 2 hours under a 

nitrogen atmosphere. Freeze drying was used to prevent agglomeration during the 

thermal stability process. The thermal stability process caused the condensation 

followed by crosslinking reactions, thus improving the Tg of lignin. The carbonization 

contributed to the resulting carbon nanoparticles with the size range between 25–150 

nm, where the addition of KOH concentration considerably affects the size of carbon 

particles (Gonugunta et al., 2012). 

 

 

2.3.9 Summary and comparison between different LNPs preparation methods 

 

Table 2-2 lists advantage and disadvantage of the main LNP preparation methods. The 

utilized LNP preparation methods can be compared in many aspects: solvent 

consumption, process time and cost, environmental factor, morphology, size of LNP, 

its colloidal stability, and production yield. Solvents sued such as THF, acetone, 

DMSO, dioxane, EtOH, DMF are usually utilized at laboratory scale and are not 

optimized. The solvent exchange requires a sufficiently high quantity of solvents 

among those methods. Correspondingly, the pricing of LNPs is also influenced (Beisl, 

Miltner and Friedl, 2017). Organic solvents are toxic due to their lipophilic nature, 

promoting their absorption directly after inhalation, surface dermal contact, or oral 

exposure (Joshi and Adhikari, 2019).  
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Additionally, using organic solvents requires high chemical consumption, and it is not 

easy to recover in LNPs preparation perspectives. Since the chemical recovery 

methods, e.g., rotary evaporation, are commonly used to recover organic solvents. 

However, the energy demand to evaporate high boiling point solvents, e.g., DMSO 

(189 ºC) or DMF (153 ºC), deteriorates the feasibility of large-scale production of 

LNPs. Meanwhile, acetone or THF has a relatively low boiling point, yet it is reported 

from Zou et al. (2019) that the particles size will be influenced by using rotary 

evaporation instead of dialysis, although the cost of dialysis membrane is also high 

(Schneider, Dillon and Camassola, 2021). At the same time, the morphology and size 

of LNPs obtained from solvent shifting are more appropriate than those from 

antisolvent precipitation (Frangville et al., 2012; Lievonen et al., 2016). SCF method 

indeed does not provide accurate control of LNPs size and morphology.  

 

Nevertheless, both acid and SCF precipitation methods provide good dissolution and 

possibly engineer desired morphology and size. The interfacial crosslinking and 

polymerization techniques can acquire a qualified dissolution of lignin and desired 

morphology and size. However, some crosslinking agents’ toxicity and high cost are 

the immense challenges in these methods (Schneider, Dillon and Camassola, 2021). In 

general, some articles, e.g. (Y. H. Kim et al., 2009; Tortora et al., 2014; B. Wang et 

al., 2019; Zou, Sipponen and Österberg, 2019), utilize the US as an assistance tool to 

advance the LNP preparation, producing high-qualified particles from lignin. The US 

is acknowledged as a fast, green, and low-cost synthesis of LNPs, but the LNP yield 

is insufficient for large-scale production, which might be preferable on a lab scale. 

Similarly, biological methods are a simple and green synthesis of LNPs that produce 

auspicious features of LNPs. However, the produced LNPs formed in irregular 

morphology and at low yields (Schneider, Dillon and Camassola, 2021). Table 2-3 

summarizes the methods and chemicals used, size, morphology of synthesized LNPs, 

as well as their potential applications. 
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Table 2-2. Summary of the advantage and disadvantage of major LNP preparation 
methods. Reproduced from (Schneider, Dillon and Camassola, 2021) 

 
 

Method Advantages Disadvantages 
Anti-solvent precipitation • Good lignin dissolution 

• Synthesis of LNPs with 
desired sizes and 
morphologies  

• Use of low cost 
antisolvents (e.g. water) 

• High cost with some 
solvents 

• Difficulty in solvent 
recovery 

• Toxicity of some solvents 

Solvent exchange/solvent 
shifting 

• High yield of LNPs 
• Good lignin dissolution  
• Synthesis of LNPs with 

desired sizes and 
morphologies  

• Use of low cost 
antisolvents (e.g. water)  

• High yield LNPS 

• High price of some 
solvents  

• Difficulty in solvent 
recovery  

• Toxicity of some solvents  
• High cost of dialysis 

membranes 

Ultrasonification • Fast LNPs synthesis  
• Green synthesis of LNPs  
• Low cost of LNPs 

synthesis 

• LNPs with irregular shape 
and morphology  

• Low yield of LNPs 

Interfacial 
crosslinking/polymerization 

• Good lignin dissolution  
• Synthesis of LNPs with 

desired sizes and 
morphologies 

• High cost and toxicity of 
some crosslinking agents 

Aerosol flow • Single step process  
• High yields  
• Absence of liquid 

byproducts (liquid 
antisolvent) 

• High cost and toxicity of 
some solvents 

Biological pathway • Simple and lowcost 
synthesis  

• Green synthesis of LNPs 

• LNPs with irregular shape 
and morphology (usually 
macro size)  

• Low yield of LNPs 
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Table 2-3. Summary of LNP preparation methods and corresponding applications   

   Lignin types Solvents Anti-solvents LNP 
diameters 

Shape  Applications References 

Anti-solvent 
precipitation 
(Acid as 
antisovent) 
 
  

Low sulfonated 
lignin  

EG HCl and dialysis 50–250 nm  Spherical shape Natural filler for polymer 
nanocomposite application 
 

(Gupta, 
Mohanty and 
Nayak, 2014) 

Pristine lignin 
(enzyme reaction) 

EG HCl Ca. 50 nm  Cluster structured 
shape 

Food packaging and agricultural 
bags where UV protection is needed  

(Yang, 
Kenny and 
Puglia, 2015) 

Low sulfonated 
lignin  

EG HCl or HNO3 and 
dialysis 

50 nm High porous 
structures  

Drug delivery carriers, dispersions (Frangville et 
al., 2012) 

KL EG  HNO3 Ca.80 nm Irregular shape 
 

Antimicrobial silver ions, fungicides, 
pesticides, and drugs. 

(Richter et 
al., 2016) 

OSL EtOH H2SO4 
 

386–532 nm  Irregular shape NRa (Beisl et al., 
2018) 

Anti-solvent 
precipitation 
(Supercritical 
CO2 as 
antisovent) 
 

KL  DMFb Compressed CO2 

solution  
38 nm Quasi-spherical 

shape 
Cosmetics, health, and drug delivery 
systems. 

(Myint et al., 
2016) 

OSL Acetone Supercritical CO2 

solution  
144 nm Spherical shape Animal husbandry, pharmaceutical 

and food processing industries 
(Lu et al., 
2012) 

Solvent exchange  EHL THF Water and dialysis 
 

200–500 nm Spherical shape Nanocarrier, PU foams, henol-
formaldehyde resin, UV-absorbent 
coatings. 

(Xiong et al., 
2017b) 

EHL THF Water and dialysis 
 

15–60 nm 
(pore radius) 

Hollow spherical 
shape 

Catalysis, energy storage and 
conversion, photonics, biomedical 
applications 

(Xiong et al., 
2017a) 

Softwood KL THF, EtOH Water and dialysis  
 

200 nm Spherical shape Medical, material, food technology (Lintinen et 
al., 2018) 

Softwood KL 
(lignoboost) 

THF, ethylene glycol  Water and dialysis  
 

200–500 nm Spherical shape Drug delivery, Pickering emulsions, 
wound healing, and coating 
formulations 

(Lievonen et 
al., 2016) 

EHL, KL, alkaline 
lignin, pretreated 
lignin 

APSc Water and dialysis  
 

80–230 nm Quasi-spherical Drug carriers  (Chen et al., 
2018) 

OSL Acetone  Water and dialysis 50–80 nm  Spheroidal Active ingredients to organic actives 
such as 
Antifungal agrochemicals 

(Richter et al., 
2016) 

Polymerization 
 

KL as macroinitiator  Anhydrous DMAd and 
anhydrous DMA 
containing BiBBe 

None  80–130 nm  Polyplexes Gene delivery into cells (Liu et al., 
2015) 
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Alkali lignin  Solvent-free ROPf  None 354 nm  Nanofibers  Biomedical or healthcare 
applications 

(Kai et al., 
2017) 

KL Solvent-free ROP  None NR NR Dispersion modifiers in PLA-based 
biobased composite materials 

(Chung et al., 
2013) 

Electrospining  Softwood KL, 
hardwood KL, 
hardwood OSL, 
softwood OSL, LS, 
sulfonated KL, 
Pyrolytic lignin (PL) 

DMF for softwood KL, 
hardwood KL, hardwood 
OSL, PL, softwood OSL, 
and water for sulfonated 
KL, LS  

None 702–1318 nm Fibers with few 
beaded fibers 

Lignin-based carbon fiber (Dallmeyer, 
Ko and 
Kadla, 2010) 

Ultrasonification Alkaline lignin  Deionized water  None NR NR Assistant of lnps properties 
improvement  

(García et al., 
2012) 

LS Ice bath None <230 nm  NR Medical and cosmetic areas for drug 
delivery 
Purposes 

(Kim et al., 
2013) 

LS Ice bath None 97 nm of pure 
LNPs 

Spherical shape Encapsulation, controlled drug 
delivery 

(Zou, 
Sipponen and 
Österberg, 
2019) 

Alkali lignin NR  100–550 nm  Spherical shape Broad-Spectrum Sunscreens (B. Wang et 
al., 2019) 

 Water/oil interface  None NR Spherical shape Storage and Delivery of 
Hydrophobic Molecules 

(Tortora et 
al., 2014) 

Interfacial 
crosslinking  

KL  Water/oil emulsion None 150 nm Spherical shape Enable in situ reduction of silver and 
Loading of silver nanoparticles in 
lignin carriers 

(Nypelö, 
Carrillo and 
Rojas, 2015) 

KL Water/ olive oil emulsion None  0.3–1.1 µm Spherical shape Storage and Delivery of 
Hydrophobic Molecules 

(Tortora et 
al., 2014) 

LS Butyl acetate, 
azobisisobutyronitrile 
(AIBN), 
trimethylolpropane tris(3-
mercaptopropionate), 
hexadecane 

None 50–300 nm Spherical shape Controllable delivery of hydrophobic 
molecules e.g drugs, essential oils, 
antioxidants, etc.  

(Chen, 
Dempere and 
Tong, 2016) 

Alkaline lignin Water, formaldehydes, 
carbondisulfide 

None Ca 160 nm Irregular blocks 
with rough 
surfaces 

Heavy metal ion capture and 
bacterial inhibition 

(Xiao et al., 
2019) 

Biological method Lignin-cellulose 
complexes from 
Indian ridge gourd 
(Luffa cylindrica) 

+ Multifect CX GC 
cellulase, Multifect 
Pectinase FE, Optimase 
CX 255L 

None 20–100 nm  Cuboidal shape Automobile, pharmaceutical and 
polymer industries. 

(Rangan et 
al., 2017) 
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Softwood KL + two fungal laccases, 
Trametes hirsuta and 
Melanocarpus albomyces 

None Ca. 200 nm  Spherical shape Medicine, foods, and cosmetics (Mattinen, 
Valle-
Delgado, et 
al., 2018) 

Aerosol flow 
reactor 

Alkali lignin, KL 
and OL 

Water for alkali lignin, 
DMF for KL and OL 

None Ca. 30nm–2 
µm 

Spherical shape Pickering emulsion  (Ago et al., 
2016) 

Ice-segregation-
induced self-
assembly process 

KL Water None <100 nm  Nanofibers  Hybrid composites (Spender et 
al., 2012) 

Homogenization  KL None Deionized water  <100 nm Irregular shape Hybrid composite for PVA blends (Nair et al., 
2014) 

OSL  None EtOH/water Ca. 200 nm Spherical shape  Energy storage, sensitive functional 
materials, and controlled-release 
fertilizer carriers 

(Rao et al., 
2017) 

Recirculation-
enhanced flash 
nanoprecipitation 

OSL Acetone Water Ca. 120 nm Spherical shape  Biological or agricultural 
applications 

(Conner et al., 
2020) 

Freeze drying 
followed by 
thermal 
stabilization and 
carbonization 

Protobind 2400 
lignin (PL) 

KOH None 25–150 nm  Irregular shape Polymer composites, 
electrochemical energy storage and 
conversion, catalysis, filtration, 
hydro-gen storage, and 
biotechnology 

(Gonugunta 
et al., 2012) 

 
a NR: not reported  
b DMF: N,N-Dimethylformamide 
c APS: sodium p-toluenesulfonate (pTsONa) solution 
d DMA: Dimethylamine Anhydrous 
e BiBB: 2-bromoisobutyryl bromide 
f ROP: ring-opening polymerization 
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2.4 Application of LNPs 
 

The application of lignin is based on two promotions: to substitute synthetic particles 

and valorize lignin as a by-product in the biorefinery concept (Österberg et al., 2020; 

Xu et al., 2020). The properties of LNPs are qualified to apply in various fields, 

including dispersant, emulsion, cosmetics, technical adhesives, biomedical adhesives, 

coating and paints, composites, and many other applications, e.g., enzyme 

immobilization or wastewater purification. In general, the application of LNPs is 

categorized into their unique properties, which are compatible with the desired 

applications’ desired functionality. As a result, LNP applications are demonstrated 

based on their functionality in the corresponding fields of applications.  

 

 

2.4.1 LNPs as an antioxidant agent 

 

Antioxidants are evaluated as reductants and inactivators of oxidants. The sufficiently 

high amount of active functional groups, an incredibly aromatic ring with phenolic OH 

groups, and methoxy moieties contribute to the powerful antioxidant properties that 

capture free radicals by donating hydrogen (Lu et al., 2012; Melro et al., 2021). The 

demethylation of these groups and the conjugated double bond increase the antioxidant 

activity of lignin by accelerating the total amount of phenolic OH groups and favoring 

extensive electronic delocalization (Piccinino et al., 2021).  

 

Because of a high surface-to-volume ratio of nanoparticles, the solubility and 

bioavailability of a hydrophobic compound are crucially enhanced. This statement is 

understandable, since higher phenolic groups are revealed on LNPs’ surfaces than non-

nanoparticles. As the solubility of lignin increases in nanoscale, many antioxidant 

parameters were enhanced involving 1,1-diphenyl-2-picrylhyrazyl (DPPH) radical 

scavenging activity, superoxide radical scavenging activity, and reducing power (Lu 

et al., 2012). According to Azadfar et al. (2015), in terms of inhibition percentage of 

DPPH• radicals, pretreated wheat straw lignin had an oxidation activity of 86.9% while 

the other commercial antioxidants were ca. 103%, where a higher value represents 
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higher radical scavenging activity of the examined compounds. The positive effect of 

the radical scavenging activity of lignin could derive from the methoxy group in the 

phenolic ring. The radical scavenging activity would decrease when the heterogeneity 

and PDI increase because of the high molecular weight of lignin, in which the phenolic 

compounds of lignin trapped the DPPH• radical. The reaction is determined by the 

color change of DPPH solution from deep violet to pale yellow color or colorless. 

 

Lignin extracted from a different source can inhibit 2,2'-azobis(2-amidinopropane) 

dihydrochloride (AAPH)-induced red blood hemolysis under in vitro conditions. A 

higher concentration of lignin improved the inhibition of hemolysis of blood. 

Furthermore, it was observed that the presence of carbohydrates in lignin decreases 

lignin’s antioxidant capacity because their polar groups are likely to create hydrogen 

bonds with the phenolic groups (Ugartondo, Mitjans and Vinardell, 2008). In another 

perspective, skin wound healing is a complicated and dynamic physiological process 

with a moist environment with antioxidant and free radical scavenging capability; thus, 

LNPs can be highly beneficial for healing wounds. Poly(vinyl alcohol) PVA–chitosan 

composite hydrogel was prepared as a wound dressing to accelerate wound healing. 

The addition of LNPs improved the hydrogel’s mechanical strength, protein 

adsorption capacity, and wound environmental regulation ability. The application of 

LNPs removed metabolism and is resistant to external reinjuries (Yiwen Zhang et al., 

2019).  

 

In general, LNPs prepared at a longer time, higher temperature, increased catalyst, and 

diluted EtOH showed higher antioxidant capacity with increased phenolic OH groups, 

less aliphatic OH group, low PDI, and lower Mw (Pan et al., 2006). Nevertheless, it is 

also proportional to solvent and energy consumptions during the preparation process 

(Beisl, Miltner and Friedl, 2017). Therefore, other alternative methods are conducted 

to innovate the more optimal LNP production, such as microwave-enhanced assistance 

during LNP preparation (Zhou et al., 2012) or enzymatic treatment to increase the 

performance of an antioxidant activity (Li et al., 2018), which is eco-friendlier and 

more effective to obtain highest antioxidant performance. Li et al. (2018) innovated 

different laccase concentrations on lignin’s structure. It showed that phenolic OH 

groups of lignin improved distinctly while their molecular weight reduced. The highest 

antioxidant performance belonged to hydrolysis lignin, which obtained a more 
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substantial DPPH scavenging ability than the commercial antioxidant agents 3,5-di-

tert-butyl-4-hydroxytoluene (BHT) and 3-tert-butyl-4-hydroxyanisole (BHA). Some 

modification techniques have been applied to increase the antioxidant properties. 

Dehne et al. (2017) introduced modified lignin by transforming carbonyl groups 

conjugated with phenolic structural units into CH2 fragments at α-position of the 

sidechains. Therefore, the antioxidant activity was developed due to the improved 

phenolic reactivity, which made lignin more competitive to the commercial 

antioxidant agents derived from fossil fuel (Lauberte et al., 2019). Those achievements 

benefited the functions of LNPs as antioxidants and reinforcement/toughening agents. 

Appropriately, the modification of lignin should be cautiously decided in which the 

size, functional groups, molecular weight, PDI, and other solvents and energy 

consumptions are involved.  

 

 

2.4.2 LNPs as antimicrobial agent 

 

Phenolic compounds are the determining factor to apply lignin as the antimicrobial 

agent, particularly the sidechain structure and the origin of the functional groups. A 

C=C double bond in the α and β positions of the sidechain and a methyl group in the 

γ position allocate phenolic fragments with high forcefulness against microorganisms. 

Meanwhile, oxygen in functional groups of the phenolic fragments causes it to be less 

potent (Kai et al., 2016). The other elements that impact lignin’s antimicrobial activity 

are the origin of lignin and the extraction methods, the growth medium concentration, 

and the bacteria utilized during the fabrication process (Kai et al., 2016; Lobo et al., 

2021). Gordobil et al. (2018) utilized lignin isolated from eucalyptus and spruce by 

two different methods, kraft, and organosolv processes. It was determined that KL 

obtained higher antifungal activity against different bacteria than OSL because KL had 

lower carbohydrates content and sulfur-containing derivatives. The fractionated KL, 

in some cases, showed higher antimicrobial activity than the conventional antibiotic 

due to the copious antioxidant activities and polyphenolic nature. Yang et al. (2016) 

suggested antimicrobial LNPs in PVA/chitosan films for active packing application. 

Antimicrobial assays determined the inhibition capacity to the bacterial growth of 

Gram-negative Erwinia carotovorasubsp. carotovora and Xanthomonas arboricola 

pv. pruni, providing innovative pathways against dangerous bacterial plant/fruit 
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pathogens over time. Alternatively, biopolymers are utilized intensively to synthesize 

edible films and coating. Among those investigations, hydroxypropylmethylcellulose 

(HPMC) films were selected due to their magnificent gas and grease barrier properties 

and the ability to retain a substantial number of active compounds. Different technical 

lignins were innovatively used to engineer HPMC/lignin/chitosan films and followed 

by the DPPH assay to discuss the antimicrobial activity of the films against spoilage 

bacteria such as B. thermosphacta and P. fluorescens. The resulting scavenging and 

antimicrobial activity were conditional on the type of technical lignin as the following 

trend: organosolv of softwood > kraft of softwood > organosolv of grass. The 

HPMC/lignin/chitosan films revealed high antimicrobial activities against gram-

positive and gram-negative bacteria at 35 °C and low temperatures (0–7 °C) 

(Alzagameem et al., 2019). Kim et al. (2013) developed the combination of LS and 

chitosan in nanoscale for the first time to apply cosmetics and biomedical applications. 

Chitosan was an excellent antimicrobial agent against bacteria, fungi, and viruses. The 

combined chitosan/LS in particles enhanced the antimicrobial activity of E. coli and 

Bacillus subtilis due to its specific properties induced by a tremendous electrostatic 

interaction between LS and chitosan that caused high surface area and high positive 

charge.  

 

 

2.4.3 LNPs as anti-ultraviolet absorbent 

 

Due to the outstanding ultraviolet (UV) absorbent shielding and antioxidant properties 

as in nanoscale, LNPs are suitable for producing functional protective nanocomposite 

by emerging functionalities to polymer and tackling the drawbacks of inorganic 

materials (Tian et al., 2017). LNPs were reinforced with poly(methyl 

methacrylate)(PMMA) nanocomposite. The improved hardness value, enhanced UV 

resistance, better thermal and scratch resistance for PMMA/LNP composite were 

observed after combining solvent-free radical polymerization, micro extrusion, and 

hot press methods through a masterbatch. The result showed the distinct reduction in 

light transmittance, which allowed LNPs to act as a reinforcement agent in many 

sections, including automotive, flooring, acrylic glasses, and lenses. Unfortunately, the 

transparency of the nanocomposites sheet was reduced because of a load of LNP (Yang 

et al., 2018). The prepared LNPs, through self-assembling of deep eutectic solvent 
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(DES) and EtOH-organosolv extractions, cooperated into PVA polymer to generate 

nanocomposites films. The overall performances of the nanocomposites film from 

both technical lignins were improved, consisting of the positive responses from 

antioxidant activity, mechanical strength, and UV-shielding efficacy. Especially, 

EtOH-OSL had higher phenolic OH groups exposed on the LNPs (Tian et al., 2017).  

 

LNPs with good UV performance can be prepared by dynamic vulcanization. The 

extrusion process caused lignin to transform into rigid and thermoset particles, in 

which the vulcanized LNPs/PP blend presents a better dispersion capacity and UV 

protection by slightly altering surface morphology, carbonyl index crystallinity, 

viscosity, and tensile properties (Liao et al., 2019). The combination of 

lignin−melanincore−shell nanoparticles (LMNP) and melanin core-shell nanoparticles 

(MNP) and LNPs were formulated to produce poly(butylene adipate-coter-ephthalate) 

(PBAT) films. The corporation of LMNP on PBAT films displayed high UV-shielding 

stability and the best retention mechanical properties after UV explosion for 40 hours. 

Therefore, the PBAT-based UV-blocking films are up-and-coming to apply in 

agricultural and food packaging where high UV protection is demanded (Xing et al., 

2019). Ju et al. (2019) compared the UV-shielding capacity of raw lignin and spherical 

LNPs as additives to form UV-shielding composite films and polyvinylpyrrolidone 

(PVP)/sodium dodecyl sulfate (SDS) as a stabilizer. The result indicated that LNPs 

enhanced the UV-shielding efficacy by 13.3% compared to the original lignin. The 

continuous precipitation of LNPs was employed using a T-shaped microchannel 

reactor, and it produced LNPs with an average size range of 13 nm. The well-prepared 

particles provide good stability and homogeneous dispersion in the PVA matrix for 60 

days. The UV-shielding efficacy properties in the ultraviolet spectrum of LNPs/PVC 

composite films offer a potential innovation for packaging and medical applications.  

 

LNPs are encouraged to inhibit lipid peroxidation and oxidative degradation in 

cosmetics ingredients (Piccinino et al., 2021). The non-oxidizability capacity of lignin 

is desirable as it can block the sunlight. There are diverse lignin-based sunscreens 

produced through LNPs and pure cream amalgamation. The sun protection factor 

(SPF) value of pure cream was 1.03, while the introduction of different concentrations 

of LNPs into pure cream increased the SPF value to the range of 1.26 to 2.23. The 

better performance of sunscreen was regarded to the size of LNPs, in which smaller 
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size was beneficial to raise the SPF value. Furthermore, the lignin-based sunscreen 

affection was possibly related to the conjugated system that included phenolic OH, 

methoxy, the easy UV absorption groups, and particularly the π-π stacking between 

the aromatic ring LNPs and the sunscreen. The enhancement performance of sunscreen 

also involves the content of OH groups in LNPs, which can be improved by 

modification methods (B. Wang et al., 2019).  

 

In another study, LNPs/TiO2 composite was added to sunscreen because of its ability 

to absorb UV light. Remarkably, the reactive oxygen species, e.g., OH radical from 

UV light irradiation, significantly damage human skin. Lignin/TiO2 composites, thus, 

were prepared to quench the OH radicals generated by the TiO2. Lignins from oil palm 

empty fruit bunch (OPEFB) through kraft and soda pulping processes were used to 

investigate the least radical production. The results showed that KL had a lower radical 

production due to higher OH groups present in its structure. The OH radical activities 

will be quenched if it abstracts hydrogen atoms from phenolic OH groups (Ibrahim et 

al., 2019). A comparison of the performance of sunscreen blended with original lignin 

and with LNPs was established. The results indicated that the enzymatic hydrolysis 

LNPs obtained higher UV-blocking performance than the original EHL. 

 

Moreover, the SPF increased reversely with the colloidal spheres as the reduction from 

microscale to the nanoscale of lignin enhances the colloids’ surface area (Qian et al., 

2017). Trevisan and Rezende (2020) isolated lignin from elephant grass (Pennisetum 

purpureum) using two simple extractions with diluted acid and alkali solutions and 

produced LNPs by antisolvent precipitation. The LNPs showed higher oxidant activity 

than the commercial antioxidants (BHT and BHA), resulting in a tinted sunscreen 

formulation with ultraviolet and visible absorption.  

 

 

2.4.4 LNPs as hybrid composite 

 

Today, lignins have become one of the most reinforcement agents to produce 

composites, forming hybrid nanocomposites with distinct mechanical strength, 

thermal properties, and compatibility compared to pure polymer. The other advantages 

of LNPs are the affordable costs, low density, renewability, degradability, and surface-
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active properties. Compared with lignin, LNPs have higher softening temperatures and 

higher thermal stability. Thus, LNPs can be effectively applied as filler, matrix, or a 

matrix component in polymer nanocomposites (C. Jiang et al., 2013; Feldman, 2016; 

Kai et al., 2016). The lignin dispersion strongly impacts the end products’ physical, 

mechanical, and morphology properties through the blending process. For example, 

bio-poly(trimethylene terephthalate) (bio-PTT) hybrid nanocomposite comprising of 

LNPs and a variable amount of vapor-grown carbon fibers (VGCF) contributed an 

improvement in tensile flexural and optimistically impacted properties of bio-PTT 

such as thermal properties, water resistance, and morphology. The prepared bio-

PTT/LNP/VGCF hybrid nanocomposites were conducted by melt extrusion followed 

by microinjection molding technique to form hydrogen bonding between the aliphatic 

OH groups of LNP and the carbonyl group of the bio-PTT matrix (Gupta, Mohanty 

and Nayak, 2015).  

 

Yang et al. (2016b) applied LNPs on PVA/chitosan films by solvent casting. The 

binary and ternary PVA/chitosan/LNP nanocomposites enhanced the tensile strength 

and Young’s modulus of PVA and generated a toughness effect in the chitosan matrix 

besides providing antibacterial and antioxidant capacities. Hu et al. (2016) and Ye et 

al. (2016) analyzed that the specific intermolecular solid interaction between PVA and 

LS led to improved mechanical properties of PVA/LS films. In addition, the 

homogenized LNPs from mechanical shearing were blended with PVA to accelerate 

the thermal stability of pure PVA polymer, whereas the unmodified LNPs created 

agglomeration due to the poor dispersity in the polymer. It also revealed that softwood 

with a lower crosslinked structure would have lower thermal mobility or softening 

temperature. In other words, a higher cross-linked structure of lignin would increase 

its Tg (Nair et al., 2014). LNPs and cellulose nanofibril (CNF) were used as an additive 

for fabricating hexagonal boron nitride nanosheet and PVA. The investigation claimed 

that the addition of CNF and LNP had synergistic action in elevating the film's tensile 

strength, thermal conductivity, and stability. The addition of LNPs hindered the 

interfacial hydrogen bonding of PVA and CNF, thus regulating the composites film's 

rigidity and flexibility (Wang et al., 2020). LNPs were added to natural rubber as 

nanofiller to accelerate the vulcanization of NR/lignin nanocomposites. The addition 

of LPCs showed thermal stability and mechanical properties of the NR matrix, 
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attributed to the homogeneous dispersion of LPCs in the NR matrix with solid 

interfacial adhesion between them (C. Jiang et al., 2013).  

 

 

2.4.5 LNPs as drug delivery vehicle 

 

Nanoparticles prepared from natural biomaterials are potentially harmless for humans 

and benign for the environment. LNPs can encapsulate different compounds from 

diverse pharmaceutical applications. Essentially, the capsule’s shells contain various 

compounds such as food additives, flavors, pesticides, poorly soluble drugs, which can 

control or prevent the diffusion of enclosed substances from the cores. Thus, relevant 

properties of the shells, e.g., release rate, shell thickness, mechanical and chemical 

strength, seriously impact the delivery of confined components. The biocompatibility 

of the encapsulating matrix is demanded for food, pharmaceutical, and cosmetics 

utilizations and LNPs, therefore a potential candidate (Tortora et al., 2014). Frangville 

et al. (2012) fabricated biodegradable LNPs via antisolvent precipitation. LNPs acted 

as drug carriers due to their high porosity, hydrophobicity, and pH stability, permitting 

them to be loaded with hydrophobic drugs and a built-in control-release mechanism 

for transporting into small intestine parts of the gastrointestinal tract. Possible 

applications as drug delivery vehicles demanded numerous testing for toxic effects on 

mammalian cells, microalgae, or yeast. Chen et al. (2018) synthesized LNPs with the 

diameter range from 80–230 nm in non-toxic and recyclable pTsONa solution at room 

temperature. The undesirable factors of restricted processing pH and lignins species 

were eliminated by intrinsic phenolic OH and carboxylic acid moieties of the LNPs 

besides the advantages of pTsONa. pTsONa allows many water-insoluble and water-

insoluble drugs to dissolve and encapsulate in the LNPs, with their encapsulation 

efficiency up to 90%. The properties of LNPs were proposed to be dependent on the 

synergistic dissociation of the entrapped pTsONa and the functional groups, which can 

be modified for purposed tumor therapy.  

 

Pourmoazzen et al. (2020) modified LNPs with cholesteryl chloroformate, which 

LNPs performed distinctive interfacial and cargo-carrying properties and it was highly 

hydrophobic for drug delivery (folic acid) with a pH-responsive release in vitro. In a 

different research, KL was esterified its OH group with methacrylic anhydride. Drug 
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model, a UV-active cargo analyzed the drug delivery behavior. The porous modified 

LNPs were then carbonized, and their adsorption ability was compared with 

carbonized pristine lignin. As a result, the dyes adsorption capacity of LNPs was 

almost 2 times higher than carbonized lignin. A higher release profile was detected in 

porous LNPs. This might attribute to the higher surface area of porous lignin in surplus 

of the modification technique. The porous carbonized LNPs thus act as a promising 

candidate for enzyme-responsive drug delivery (Yiamsawas et al., 2017). Zikeli et al. 

(2020) proposed prepared LNPs with essential oil entrapped inside it, assigned to 

extensive π-stacking between aromatic compounds in EOs, e.g., cinnamaldehyde, 

thymol, and carvacrol on one side and the other side is aromatic lignin units. The in 

vitro release profiles of common thyme and wild thymes EOs from EO-loaded LNPs 

were hindered compared to pure oil. This outlook innovated novel biocide delivery for 

wood preservation or foodstuffs. 

 

 

2.4.6 LNPs as fire-retardant 

 

The combustion rate of polymer material can be reduced by prohibiting oxygen in the 

combustion zone, which is resolved by increasing the char formation during thermal 

degradation. Hence, lignin performs as a flame-retardant additive to form char since it 

gains a very high char yield at ca. 35–38% at 900 ºC that originates from the aromatic 

chemical structure. For polypropylene (PP), charring lignin reacted with the 

hydrocarbon radical of degraded PP and formed the shield to reduce PP combustion 

rate. According to the investigators, the fire retardancy activity was increased with 

lignin (De Chirico et al., 2003). Other polymers, such as polylactic acid-based 

material, is utilized for the housings of portable world processors in the electrical field 

or the present as fibers in textile (Réti et al., 2008; Cayla et al., 2016) or PP (Yu et al., 

2012), polyethylene (Cao et al., 2011), poly(ethylene-co-vinyl acetate) (Laoutid et al., 

2019), polyester and epoxy resins (Sag et al., 2019). Chollet et al. (2019) modified 

LNPs by grafting them with diethyl chlorophosphate (diEtP) and diethyl (2-

(triethoxysilyl)ethyl) phosphonate (SiP) to observe the flammability effect of PLA. 

The phosphorylated LNPs increased the char stability during lignin aerobic thermal 

degradation to increase the flame-retardant activity of LNPs. Generally, diEtP reacted 

only with one OH group of lignin, while SiP established 3 bonds with 3 OH groups 
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supplied by lignin or by self-condensation to increase LNP size. From 

thermogravimetric analysis, unmodified LNPs reduced PLA thermal stability, yet only 

incorporating a small amount of LNP/SiP (5 wt%) would lengthen the ignition time 

and decrease the peak of heat release rate. 

 

X. Wang et al. (2019), for the first time, introduced LNPs to ameliorate the thermal 

stability, conductivity, flame-retardancy, and flexibility of boron nitride (BN)-

OH/polyvinyl alcohol (PVA) composite films, which would further be applied in the 

electrical field. The LNPs were prepared through acid anti-precipitation and facilitated 

the crosslinking process with PVA and BN-OH under glutaraldehyde (GA) solution 

and anhydrous alcohol. The rigidity and tensile strength of the produced film increased 

proportionally with the introduction of lignin content, but the film’s elongation at 

break was lower since lignin weakened the interfacial bonding between PVA and BN-

OH. At low-level content of lignin, it could act as a reinforcement agent that filled in 

the gap of PVA and BN-OH; yet if it surpassed at a specific range, the voids and 

separation phase between filler and polymers became larger because LNPs obstructed 

the cross-linking of PVA macromolecules chains and GA solution, which 

consequently reduced the density of the film and made it puffy. According to the burn 

test and Differential Scanning Calorimetry results, flame retardancy by adding LNPs 

was adequately detected, widening the spectrum of electronic packing and integration 

circuits applications.  

 

 

2.4.7 LNPs as biomedical adhesives in tissue engineering 

 

Tissue engineering is critically investigated to repair, replace, and enhance specific 

tissue or organ function. Mainly, lignin-based scaffold today is studied to apply in this 

field and in regeneration medicine, where the mechanical stability during implantation, 

the controlled degradability, and toxic degradation prevention from natural bones are 

appreciated. The development and design of structures suitable for cell growth in vitro 

and in vivo is the main challenge in this technology. Hydrogel is an attractive 

biomaterial in tissue engineering because of the intrinsic structural resemblance to the 

original extracellular matrix, but most of the hydrogels are poor adhesion to human 
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tissue. Therefore, lignin presents as adhesives for gels and biological tissues. (Kai et 

al., 2016; Witzler et al., 2018; Österberg et al., 2020).  

 

Nanoparticle solution was reported to adhere two hydrogels together by spreading 

droplets on one hydrogel’s surface and bringing other gel into contact. (Rose et al., 

2014). Based on the principle of adsorption and energy dissipation under heat, 

Mattinen et al. (2018a) established poly (L-lysine), PL, and poly(L-glutamic acid) 

coated LNPs <100 nm and coated CNF under heat to examine the improvement of 

stiffness upon Young’s modulus and potentially nano-morphology of LNPs. The LNPs 

were modified with a bilayer polypeptide to tailor the CNF surface, and they were used 

to coat on a more significant protein that cross-linked enzymatically to adhere skin 

tissues (chamois) together. The modified CNF surface is linked covalently with LNPs, 

which can be used as excellent additives for tissue repairing, enhancing stability in 

body fluids, culture media, resistance against enzymatic hydrolysis, and further 

hydrophobicity, antimicrobial and antioxidant properties of the coatings. Gan et al. 

(2019) developed adhesive hydrogel based on silver-Lignin nanoparticles (Ag-Lignin 

NPs) triggered dynamic redox catechol chemistry, which provided a long-lasting 

hydrogel network reductive-oxidative environment. Under ambient conditions, Ag-

Lignin NPs further produced free radicals and triggered self-gelation for hydrogels 

and, therefore, revealed the high toughness in the hydrogel network and a great cell 

affinity and antimicrobial properties. As a result, the hydrogel was biocompatible in 

vitro and non-toxic to human skin. 

 

Furthermore, LNPs can act as the nano-spacers to fill a 3D network, resulting in the 

increased viscoelasticity and thermal stability of hydrogel. LNPs composite hydrogels 

were self-assembled through dynamic reversible didiol-borax linkages and linear PVA 

and CNF. The hydrogel’s storage modulus and loss modulus were greater 28 times 

and 18 times, respectively, with the increased LNPs in the hydrogel system. The 

hydrogel had a porous structure and good recovery behavior under continuous step 

strain, which was seen as a befitting hydrogel for applications that demand high 

rheological properties (Bian et al., 2018). An increased mechanical strength by using 

LNPs/chitosan/PVA hydrogel was also reported by Zhang et al. (2019). The LNPs-

based hydrogel produced an ideal environment to avoid further injuries and 
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contaminations to the wound. Significantly, the increased lignin content increased the 

hydrogel’s tensile strength and elasticity.  

 

 

2.4.8 LNPs as heavy metal adsorbent 

 

Heavy metal ions are contaminants in water that can threaten human health and aquatic 

life. These toxic elements lately applied lignin as absorbent and thus, can be removed 

in the aqueous media. However, the absorbing material derived from lignin obtained 

low adsorption ability and poor affinity for heavy metal ions. This issue may be caused 

by the limited surface area and insufficiency of functionalities. As a result, a novel 

nanoscale heavy metal ion capture was reported. The study used an interfacial 

crosslinking technique to form functionalized lignin-based nano-trap (LBNT). LBNT 

was able to absorb different heavy metal ions and reduce >90% of heavy metal, e.g., 

Ag(I), Hg(II), Cd(II)) and borderline (Pb(II), Cu(II), Zn(II)) ion. The produced LBTN 

can be adopted to load metal ions in atomic-level dispersion for advanced 

nanocomposites preparation and sufficiently applied in separation and antimicrobial. 

LNPs decreased particles size to increase the diffusion, contacting frequency, and 

powerful metal-binding groups on metal ions surfaces. Yongchao Zhang et al. (2019) 

present lignin-based hybrid magnetic nanoparticles as metal ions adsorbents. 

Carboxymethylated lignin was prepared to extend the active site of lignin to gain 

stronger adsorption through the negative charged functional groups, e.g., COO– and –

OH, and further functionalized by chemical crosslinking of the magnetic mesoporous 

silica nanoparticles with epichlorohydrin (ECH). The synthesized hybrid nanoparticle 

thus indicated excellent adsorption capacity towards Pb2+ and Cu2+, attributed to ion 

exchange and hydrogen bonding via active sites of modified lignin. Harmita et al. 

(2009) inspected the sorption capacities of different technical lignins to evaluate the 

characteristics and functional group composition as a function of pH, ionic strength, 

reaction time, and sorbent-to-sorbent ratio. The results stated that the sorption of Cu 

and Cd increased when pH and lignin concentration increased, and ionic strength 

decreased. The carboxylic and phenolic groups were responsible for metal binding. 

Carboxylic groups may regulate the metal ions’ reactivity because their dissociation 

constants fall below the pH at which the metal ions begin to precipitate. Lignin 

contained high phenolic and carboxylic groups with higher sorption and faster uptake 
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kinetics towards copper and cadmium. However, the biosorptions of these lignins were 

suggested to be modified to achieve a high metal sorption capacity.  

 

 

2.4.9 Other applications of LNPs 

 

2.4.9.1 Immobilization of enzyme 

 

LS was modified by quaternization, and the quaternized LS (LSQA) was coated on the 

Fe3O4 surface by coprecipitation to produce lignin-based magnetic NPs. The formed 

LNPs could be applied for adsorption and desorption of cellulase via pH adjustment 

of solution. This development achieved a high cellulase immobilization ratio and an 

excellent low desorption rate. The adsorption mechanism of cellulase and 

Fe3O4/LSQA was based on the electrostatic attraction and π-π tacking, which at pH 

lower than 4.8, the molecular structure of LSQA shrunk further, consequently led to 

the less functional groups in the solution. Conversely, the cellulase desorption ratio 

from Fe3O4/LSQA was at least at pH 4.8, where the LSQA dissolved partially, and the 

immobilized cellulase was desorbed from the NPs. This invention can overcome the 

challenge of low efficiency, high cost, and simple deactivation of cellulase in 

biorefinery (Dong et al., 2019). 

 

 

2.4.9.2 Dye removal  

 

Most substances in dye wastewater are toxic and carcinogenic, and thus they are 

limited by strict rules set by governments before discharging. Dyes are soluble in water 

and nonvolatile. They proposed a novel pathway to remove dye with lignin modified 

by EG. LNPs-g-polyacrylic acid adsorbent (LN/PAA) was finally formed in the 

presence of polyacrylic acid with potassium persulfate as the radical initiator. The 

polar groups of –COOH present in lignin were crucial in inducing the electrostatic 

attraction for dye adsorption. The higher electrostatic attraction and surface area in 

hydrogen bonding increase the adsorption capacity and dye removal efficiency 

(Azimvand, Didehban and Mirshokraie, 2018). Recently, aminated LNPs derived from 
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cosolvent-enhanced lignocellulosic fractionation pretreatment proved to be an 

effective azo dye-adsorbent and were used to remove methylene blue and direct blue 

(DB) 1 dye from aqueous solution. The dye adsorption process strongly increased the 

LNP size, but its shape and heterogeneous surface did not alter dramatically since the 

dye was adsorbed on the surface of animated CEFE lignin (Meng et al., 2020). The 

Congo red solution was adsorbed by kraft LNPs from bamboo residue loaded with 

Fe3O4 at the surface. Fe3O4/LNPs with the ratio of 1:0.5 reached the maximum 

adsorption capacity of Congo read solution. It proved that magnetic lignin loaded with 

Fe3O4 obtained the best performance to treat dye wastewater, among other substances 

(Fang et al., 2021).  

 

 

2.4.9.3 Flocculation 

 

In aid of ultrasonication, lignin became LNPs with the size of around 220.2 nm and 

followed by the gelation complex formation by directly mixing with gelation solution. 

The LNPs-gelatin complex was able to flocculate S.aureus and E.coli. The negative 

charge of bacteria should be neutralized at the optimum dosage of the complex. 

Exceeding LPNs-gelatin complex increased the electrostatic repulsion, and 

consequently, the negative charges in the flocculation system increased, and finally, 

the flocculation efficiency was reduced. Many mechanisms involved in the 

flocculation and the amount of bacteria removal varied with different pH, but overall 

LNPs-gelatin complex removed bacteria significantly from the wastewater (Yin et al., 

2018). Cationic LNPs, in another finding, can be used as agglomeration agents to 

facilitate virus’s elimination from water in which the viruses, e.g., negatively charged 

cowpea chlorotic mottle viruses (CCMVs), adhered onto LNPs surface. The virus 

affinity to LNPs was strengthened by coating cationic lignin on anionic LNPs. The 

neat positive charge of LNPs adsorbed onto the negatively charged biomolecules and 

caused the agglomeration. Viruses can be removed through filtration or sedimentation 

from the water and combusted (Rivière et al., 2020). 
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2.5 Technical tannin 
 

Tannin has a molecular weight of 500–3000 g/mol and up to 20 000 g/mol that 

contains phenolic compounds. The chemical structure of tannin is varied and can be 

found in both bound and free forms in plant cells. The terrestrial plant’s tannin 

comprises gallotannins and ellagitannins (hydrolyzable tannin), proanthocyanidins 

(condensed tannins), and complex tannin. Moreover, sea plant tannin is known as 

phlorotannins which involve oligomers or polymers of phloroglucinol. Due to the 

plant’s defense mechanism against insects, food infections, bacteria, or fungi, 

polyphenols of tannin can be found in vegetal tissues such as bark, wood, leaves, fruit, 

roots, seeds, or gals. According to different plant species, plant habitat, harvesting 

time, and extraction methods, the resulting tannin yield can be from 0.2 to 25% dry 

weight (Cuong et al., 2019; Pizzi, 2019; Corral et al., 2020). Tannin was originated 

from the tanning process of hides to produce leather, which was mainly used in the 

fashion industry from the 17th century. Today, tannin is considered one of the practical 

components to suffer cardiovascular diseases, and some other cancers can be 

decreased by digesting the correct diets, such as fruit and vegetables, which riches in 

tannin (Pizzi, 2019).  
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Figure 2-8. Chemical structure of common molecules found along with the tannins 
class. Reproduced from (Corral et al., 2020) 

 

2.5.1 Vascular plant tannins 

 

2.5.1.1 Condensed tannins 

 

CTs, or proanthocyanidins, represent more than 90% of the worldwide commercial 

production. CTs do not have glycosides, and it requires from three to eight flavanoid 

repetition units, which resulted from the tannin polymerization induced by the 

condensation of catechins. These tannins are also made up of (flavan-3-ol, flavan-3,4-



Lam-Thu Nguyen  Literature review of lignin and tannin 

 
61 

diol) carbohydrates, precursors, and amino and marginally imino acid. Different 

reactions also provide the complexity of CTs, e.g., hydroxylation, methylation, 

glycosylation, or galloylation (Aldred, 2008, p. 163; Arbenz and Avérous, 2015; 

Corral et al., 2020). A flavonoid unit consists of two phenolic rings gaining different 

reactivities. These flavonoid units are linked C4 to C6 or C6 to C8 to produce various 

short chains of different lengths, depending on the type of tannin (Arbenz and Avérous, 

2015; Pizzi, 2019). C4 to C6 has prevailed in tannins, mainly including profisetidins 

and prorobinetidins. Furthermore, C6 to C8 has prevailed in tannins mainly involving 

cyanidins and prodelphinidins. The reactivities of the A-ring and B-ring are different 

due to the OH content present on the A-ring. The A-ring consists of a located (C6 to 

C8) activation because of the resonance structure, resulting in a higher reactive 

nucleophilic center and more resistance to the interflavan bond cleavage by acid, 

which is reverse to the case of the B-ring (Schofield, Mbugua and Pell, 2001; Arbenz 

and Avérous, 2015). The most common CTs are mimosa (Acacia mearnsii, or 

mollissima), bark tannin, Gambier (Uncaria gambir) shoot and leaf tannin, quebracho 

(Schinopsis balansae and Schinopsi lorentzii), wood tannin, pine (Pinus radiata), and 

bark tannin (Tondi and Pizzi, 2009).  

 

 

2.5.1.2 Hydrolyzable tannins  

 

Hydrolyzable tannins (HTs) are complex monomeric or oligomeric polyester 

molecules of phenolic compounds that consist of the C- or O-glycosides of gallic acid, 

mainly D-glucose. However, fructose, xylose, saccharose, and structures like 

hamamelose are also found in HTs. Many ellagic or gallic acid molecules are 

generated by many molecules integrated by ester linkages to a central glucose residue. 

Their structure can be classified into two main subclasses: gallotannins (GTs) and 

ellagitannins (ETs). In general, HTs can be hydrolyzed to phenolic acid and its 

corresponding polyol by acidic hydrolysis, while condensed tannins cannot. Gallic 

acid is the base unit of GTs, while ETs have gallic acid and hexahydroxydiphenoyl 

moieties as subunits (Shahat and Marzouk, 2013; Ky et al., 2016; Amarowicz and 

Janiak, 2019; Mukherjee, 2019).  
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Gallotannins (GTs) contain galloyl or diverse polyol-, catechin-, or triterpenoid units. 

GTs are the simplest form of tannin that obtains a polyphenolic and a polyol residue. 

Pentagalloyl glucose is a simple example in this group, and it includes five galloyl 

units that bond by five respective esters to a molecule of glucose. The formation of 

galloyl chains causes more complex molecules, thus enlarging their size. Coupling 

galloyl units construct the chains via meta- or para-depside bonds. This linkage is the 

union of two esterified monocyclic aromatic units; in this case, galloyl is usually bound 

via OH groups (Mukherjee, 2019, p. 4; Corral et al., 2020). 

 

Ellagitannins (ETs) constitute the most well-known tannins in more than 500 identified 

natural products. ETs are esters of hexahydroxydiphenic acid and polyols, e.g., glucose 

or quinic acid (Arbenz and Avérous, 2015; Amarowicz and Janiak, 2019). Unlike GTs, 

ETs have the additional binding motif derived from oxidative coupling reactions 

between the galloyl pieces. Hence, the biosynthesis of ETs is determined as an 

oxidative enzymatic progression of GTs. The monomeric ETs are produced from the 

oxidation of 1,2,3,4,6-pentagalloylglucose. In the second step, a second enzyme-

mediated specific oxidation of the hexahydroxydiphenoyl group of the ETs is 

conducted and followed by the dimerization with the galloyl group of another tannin 

valoneyl group-containing dimer. The reaction is continued to create higher oligomers 

(Pizzi, 2019).  

 

 

2.5.1.3 Complex tannins 

 

Complex tannins are constructed from a catechin unit bound glycosidically to a 

gallotannin or an ellagitannin. An example of complex tannin is Acutissimin A. It 

possesses a flavogallonyl unit connected through a glycosidic linkage at C-1, and the 

polyol derivative of D-glucose is linked to the three ester bridges. Complex tannins are 

polymeric and oligomeric proanthocyanidins that include catechin units (coupled 

flavan-3-ol) (Khanbabaee and van Ree, 2001; Arbenz and Avérous, 2015; Sieniawska 

and Baj, 2017).  
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2.5.2 Non-vascular plant tannins (phlorotannins) 

 

Non-vascular plant tannins, or so-called phlorotannins, are derived from 

phloroglucinol polymerization. Non-vascular plant tannins can be compared with 

condensed tannins from vascular plant tannins (Arbenz and Avérous, 2015). It is a 

phenolic metabolite of brown seaweeds (Phaeophyceae). It contains many OH groups, 

making it higher soluble in water and bonds strongly to polysaccharides, proteins, and 

other biopolymers, chelate divalent metals, and has a polymeric structure. 

Phlorotannins have a broader mass range than condensed tannins, and their structures 

are also different. Phloroglucinol (1,3,5-trihydroxybenzene) is the monomeric unit of 

phlorotannin. The concentration of phlorotannins depends on the seaweed size, age, 

tissue type, salinity, light intensity, water temperature, season, nutrient levels, and the 

intensity of herbivory. Unlike condensed tannins, phloroglucinol’s biosynthesis is 

developed through the acetate–malonate (polyketide) pathway. Two molecules of 

acetyl-coenzyme A (CoA) and CO2 form the malonyl-CoA. Afterward, three malonyl-

CoA blocks will produce a polyketomethylene precursor, subjected to a 'Claisen type' 

cyclization reaction and forms a hexacyclic ring system, as shown in Figure 2-9. 

Notably, the polyketide cyclases and synthases convert acetyl-CoA and malonyl-CoA 

to final products, excluding intermediate products (Imbs and Zvyagintseva, 2018; 

Salehi et al., 2019). 

 
Figure 2-9. Biosynthesis of phloroglucinol. Reproduced from (Imbs and 
Zvyagintseva, 2018) 

 

Phloroglucinol polymers are classified based on the linkage between the 

phloroglucinol units, and the number of the OH group, which has six subclasses: 
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phlorethols (ether bond), fucols (phenyl bonds), fucophlorethols (ether and phenol 

bond), eckols (dibenzo-p-dioxin), fuhalols (ether bond), and isofuhalols, which are 

classified in Figure 2-10 (Lopes et al., 2012; Salehi et al., 2019). However, some 

authors only recommended the first four subclasses and proposed that fuhalols and 

carmalols are less common (Arbenz and Avérous, 2015; Kirke et al., 2017). Among 

them, ether bond is the most common linkage with phloroglucinol units. Nevertheless, 

carbon-carbon can also be found in trifucol. Because of the presence of polyphenolic 

compounds in the structure, those phlorotannins of small size reveal interesting 

application such as antioxidant activity, anti-allergic, anti-cancer, anti-viral, 

bactericide, anti-diabetic activities radioprotective effects. Therefore, it facilitates the 

utilization of brown algae. Moreover, they are responsible for UV protection and have 

been applied in cosmetics (Admassu et al., 2018; Brunt and Burgess, 2018), and the 

anti-flammability of extracted phlorotannins from Laminariaceae on the arachidonic 

are also reported (Shibata et al., 2003; Shin et al., 2006; A.-R. Kim et al., 2009). 

 

 
Figure 2-10. Classification of phlorotannins. Reproduced from (Arbenz and 
Avérous, 2015) 

 

 

2.6 Isolation of tannins 
 

The extraction process is the main challenge to valorize tannins, since tannins’ 

structure is heterogeneous, and thus, it is not accomplished in a single protocol, but 

the procedure is widely variable. The extracted tannin contains many impurities 
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comprising minerals, stilbenes, and sugars, and their amounts are based on the 

processing parameter, e.g., pressure, time, temperature, particle size, solvent type, and 

solid to the solvent ratio (Das et al., 2020). Tannins can be milled, grinded, and 

homogenized after the drying treatment and before the official extracting method, 

which may be preceded by freeze drying or air drying. Air drying, in general, retains 

less amount of phenolic content in plant samples than freeze drying. Thus, freeze 

drying seems to be the best option to reserve the molar mass of condensed tannins, 

improve the yield of phenolic compounds and native structure of tannins. 

Nevertheless, both methods can negatively impact the constituent profiles of plant 

samples, and thus, they need to be carefully analyzed for the studies of medicinal 

properties of plants (Dai and Mumper, 2010; Arbenz and Avérous, 2015).  

 

 

2.6.1 Solvent/liquid extraction 

 

Solvent/liquid extraction is the simple method to recover tannins, where a liquid passes 

through a pulverized tissue and dissolves soluble compounds of the matrix without 

any assistance tool. This system includes maceration, decoction, and Soxhlet 

extraction. The first step of the reaction involves removing chlorophylls and lipids by 

dichloromethane or hexane, and the second step is to extract tannins selectively (Corral 

et al., 2020). Maceration is commonly used to extract tannins from medicinal plants. 

The plant powders are soaked with solvent until tannins are dissolved in the solvent 

for a particular time. During maceration, osmose occurs before diffusion, and the 

osmotic pressure is caused by the dissolving solutes and is calculated by the basis of 

thermodynamics. The temperature in maceration can be hot, cold, and warm 

depending on tannin characters and samples (Cuong et al., 2019). Furthermore, 

temperature and extraction time influence the recovery of phenolic compounds from 

plant materials, which reveal the conflicting actions of analyte degradation and 

solubilization by oxidation (Robards, 2003).  

 

Today, water is used as a solvent to extract tannins. This method is simple, effective, 

and widely applicable. The industrial extraction of tannins is accomplished using 

water-containing reagents such as Na2SO3, Na2CO3, NaHSO3, EtOH, or NaOH. 

Tannins afterward undergo concentration, spray drying, or vacuum drying to obtain 
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tannin powder or solid, respectively, deepening the drying method utilized (Sealy-

Fisher and Pizzi, 1992; Corral et al., 2020). The extraction yield of tannins is enhanced 

by reducing pH levels using alkalis and EtOH. Furthermore, the extraction time can 

last for 4–6 hours at high temperatures but can last longer, up to 24–48 hours, 

accompanied by lower temperature. This phenomenon is due to the thermal instability 

characteristic of tannin. The solid fraction is collected by a filtration system and then 

lyophilized (Corral et al., 2020).  

 

According to Gaamoune et al. (2014), acetone is a more excellent solvent than EtOH 

(30%). Because the hemoglobin precipitation assay reported that extraction yield of 

tannin from Galium tunetanum was improved acetone. Other outstanding solvents 

used for isolating tannins are di-isopropyl ether, EtOH, ethyl ether, acetone, and ethyl 

acetate (Kotzé, Eloff and Houghton, 2002), methanol (Case et al., 2014; Romero et 

al., 2020), Na2SO3 (Poaty et al., 2010) or NaOH (Guo et al., 2020). Methanol used as 

solvent extracts lower molecular weight polyphenols while aqueous acetone extracts 

higher molecular weight polyphenols. Acidified organic solvents, e.g., methanol or 

EtOH, are utilized to extract anthocyanin-rich phenolic from plants. During 

concentration, the hydrolysis of labile, acyl, and sugar residues can be controlled using 

weak organic solvents, e.g., formic acid, acetic acid, citric acid, tartaric acid, and 

phosphoric acid. Some other low concentrations of strong acids can also be utilized, 

e.g., <1.0% of HCl or 0.5–3.0% of trifluoroacetic acid (Dai and Mumper, 2010). 

Otherwise, because of being highly polymerized substances, tannins also include other 

constitutes, e.g., carbohydrates. Therefore, the extracted compounds also have non-

phenolic materials, where the carbohydrates either are a separate fraction or are linked 

to the flavonoid chain itself. This factor shows a demand to employ some post process 

treatments to acquire high purity for specific applications. For instance, commercial 

mimosa consists of ca. 72–74% tannins, 6–8% flavonoid monomers and dimers, 13.5–

15.5% non-phenolic materials, 6.3% moisture, and 0.2% inorganic insoluble materials 

(Shirmohammadli, Efhamisisi and Pizzi, 2018).  

 

Alternatively, the ionic liquid is a novel solvent, which achieves better results than 

water, and it is still in development. The ionic liquid presents insignificant vapor 

pressure, highly soluble substances, and improved thermal stability. The reason is the 

linkage between the alkyl chain length of the cation and the ionic liquid. The increase 
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in alkyl chain length decreases the surface tension, increments the viscosity and 

hydrophobic nature; thus, the increase in alkyl chain length (de Hoyos-Martínez et al., 

2019; Corral et al., 2020).  

 

 

2.6.2 Supercritical fluid extraction  

 

The supercritical fluid applies the highest values of temperatures and pressures, where 

the fluid reaches its critical point and is presented in a gas-liquid equilibrium. 

Therefore, the fluid shares both properties between gas and liquid. CO2 is the common 

solvent employed in many studies because it is non-toxic, non-flammability, non-

corrosive, and has low critical temperature and pressure (31 ºC and 7.28 MPa) (Palmer 

and Ting, 1995; Azmir et al., 2013; Corral et al., 2020). Nevertheless, tannins are polar 

compounds, while CO2 is non-polar molecules. Hence, the solubility of tannins is 

ameliorated by the aid of a co-solvent, e.g., EtOH, methanol, and aqueous mixtures. 

The pressure operated also plays a significant role in the yield and efficiency of the 

tannin extraction. The strong interactions fluid-matrix interaction is induced by the 

distance between molecules, which addresses increased fluid density by elevated 

pressure. The most significant drawbacks of this method are the high investment cost 

because of the high pressure demand and the non-polar characteristic of CO2, which 

causes the reduction of tannin extraction yield (de Hoyos-Martínez et al., 2019).  

 

 

2.6.3 Pressurized water extraction 

 

Water in this process is treated at high temperature and high pressure under its critical 

point, which means water is at a subcritical state and is still in a liquid state. However, 

the properties of water, e.g., polarity, viscosity, surface tension, and dissociation 

constant, are relatively lower than water at ambient conditions (Liang and Fan, 2013). 

These reduced parameter aims to accelerate the mass transfer of tannins from the raw 

materials. The main difference between hot water from solvent/liquid extraction is that 

the pressurized water is conducted at the temperature above the boiling temperature 

and the pressure above the atmosphere (de Hoyos-Martínez et al., 2019). Pressurized 
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water extraction is divided into static pressurized and dynamic pressurized extraction. 

The residence time of tannins in static pressurized water extraction is longer than 

dynamic pressurized extraction, and the resulting tannins are more extensively 

degraded than from dynamic pressurized extraction. The temperature of extraction is 

commonly operated from the atmospheric boiling point of water (100 °C, 0.1 MPa) to 

the critical point of water (374 °C, 22.1 MPa) (Cuong et al., 2019). Higher temperature 

causes higher diffusion to the plant matrix and incremented solute vapor pressure. 

Thus, it is more straightforward for the solute to free itself from the matrix. 

Nevertheless, the severe temperature can induce the degradation and denaturation 

possibility of different polyphenolic compounds, which negatively affect extract 

tannins (de Hoyos-Martínez et al., 2019). 

 

 

2.6.4 Microwave-assisted extraction 

 

Microwave-assisted extraction is one of the most advanced technologies to extract 

flavonoids. This method combines conventional solvent employed for tannin 

extraction and fast heating in the microwave field, which its electromagnetic radiations 

in the frequency range from 300 MHz to 300 GHz. The ionic conduction and dipole 

rotation transform the microwave energy to heat (100–150 ºC) during the extraction 

through interacting with polar molecules. The penetration depth and the power of the 

microwave significantly influence the extraction yield of tannins. Solvents, e.g., water, 

EtOH, and methanol, are commonly used compared to hexane or toluene. This 

selection is because hexane or toluene accommodates cold temperature in the 

surrounding extraction solvents due to their dielectric constant; and because tannins 

become very soluble in water, EtOH, and methanol (Cuong et al., 2019; de Hoyos-

Martínez et al., 2019). The rapid heat provided by the microwave ameliorates the 

extraction process, which is attributed to the higher dielectric constant and dielectric 

loss. As a result, it leads to a higher absorbent capacity of solvent from microwave 

energy and eventually a faster heating rate of the solvent concerning the plant material 

(Routray and Orsat, 2012). During the microwave-assisted extraction, the hydrogen 

bonds disruption is promoted by dipole rotation of the molecules corresponding to the 

heat release; whereas the porosity of the biological matrix enhances, resulting in better-
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extracting penetration via the matrix (Kratchanova, Pavlova and Panchev, 2004; 

Mandal, Mohan and Hemalatha, 2007; Yeoh et al., 2008).  

 

Wang et al. (2010) used microwave-assisted extraction for flavonoids from the 

Chinese herb Radix puerariae (Ge Gen) (FRP). The study disclosed that the 

enhancement of microwave forwards power increased the extraction yield of 

flavonoids from FRP. In addition, extracting flavonoids at various times was 

experimented to determine the most appropriate extraction time, and the different 

(increased) solvent volumes were utilized to examine the enhancement of the tannins 

extracted. It showed that the optimum solvent volume/sample ratio (mL/g) ratio was 

1:30. Naima et al. (2015) proved the efficiency of using microwave-assisted extraction 

to extract polyphenols, condensed and hydrolyzable tannins from Moroccan barks of 

Acacia mollissima. The microwave was more selective in extracting condensed and 

hydrolysable tannins when water was used as a solvent than methanol. Moreover, a 

higher microwave power resulted in a higher tannins extraction yield. Otherwise, an 

exceeding microwave power (>300W) also causes diminished tannins and 

polyphenols extraction yields. This is because the thermal degradation of the 

phytochemical at higher power may be too intensive, leading to the worse recovery of 

phenolic compounds (Dahmoune et al., 2015). Compared to the traditional solid-liquid 

extraction, microwave-assisted extraction requires shorter extracting time, less solvent 

used, and the mass transfer is accelerated by possibly providing agitation. The major 

drawback of this method is the thermal degradation feasibility of raw tannins in the 

feedstock, particularly tannins with a high amount of OH groups (de Hoyos-Martínez 

et al., 2019). 

 

 

2.6.5 Ultrasound-assisted extraction 

 

The micro-bubbles are created in the liquid by ultrasound cavitation with frequencies 

above 20 kHz, where the growth and collapse of those bubbles cause the mechanical 

vibration into the plant matrix. The vibration ruptures the cell wall tissue and thus, 

ameliorate solvent penetration into the matrix, obtaining higher amount extracted 

tannins (Ali et al., 2018; Corral et al., 2020). The extracted tannins quantity in this 

method is dependent on the ultrasonic power, time and sound waves of ultrasound, and 
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temperature. The extracted tannins from ultrasound-assisted maceration are 17.6% 

higher than the traditional method. This technology demands low investment and high 

efficiency for tannin extraction, improving the mass transferred and extraction yields. 

Furthermore, ultrasound-assisted extraction is environmentally friendly, 

corresponding to the less physical and chemical risks and less impact on the molecule’s 

structure properties of tannins (Cuong et al., 2019). Sousa et al. (2016) designed 

different ultrasound extraction conditions and other extraction methods to extract 

phenolic compounds from Phyllanthus amarus. The authors evaluated that a higher 

liquid to solid ratio gave more solvent to enter the cells and improved the permeation 

of the phenolic compounds. Otherwise, the extraction of polyphenols decreased when 

the liquid to solid ratio was above 40 mL/g. Eventually, ultrasound-assisted extraction 

results in the lowest extraction yield compared to other methods, attributed to the 

recovery inability of all the compounds at low temperature. Another reason was that 

high power might degrade some phenolic compounds because radicals could form 

during the cavitation and react with phenolic compounds to oxidize them. 

 

 

2.7 Tannin-modified particles synthesis and application 
 

Due to the antioxidant, antimicrobial, anthelmintic, antiviral, and anti-inflammation, 

tannins are applied in several pharmaceuticals, medical, and environmental (Buzzini 

et al., 2008; Pizzi, 2019; Corral et al., 2020). However, few studies focus on producing 

tannin nanoparticles (TNPs) individually; most of them are regarding tannic acid (TA) 

that acts as hybrid nanoparticles with other metals. TA is a natural compound that 

includes a glucose part that binds to five branches of condensed gallic acids 

(Krzyzowska et al., 2017). It is commonly used to synthesize metallic NPs, including 

silver (AgNPs) and gold (AuNPs). Citric and TA ions are involved in the metal ions 

reduction of metallic NPs and the stability process of the prepared colloidal system 

(Dadosh, 2009; Bastús, Comenge and Puntes, 2011; Ahmad et al., 2014). TA can be 

used to stabilize AgNPs, which allows the particles to grow homogeneously 

(Ranoszek-Soliwoda et al., 2017). According to Orlowski et al. (2018), the 

homogeneity of the size and shape of AgNPs has improved by adding citrate and TA 

complex. Thus, TA modified AgNPs can promote wound healing in vitro by using 
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inflammation reactions and exerting antimicrobial properties. Otherwise, the 

utilization of TA is broadening to sensor development, which is used as fluorescent 

sensors for detecting pictric acid. The high active phenolic groups of TA helps it self-

polymerize into novel fluorescent poly(tannic acid) nanoparticles (FPTA NPs) under 

ultrasonic condition. The produced FPTA NPs obtain cuboid and spherical shapes 

because of the presence of OH radical provided by H2O2 under high NaOH dosage. 

Comparing to other fluorescent detection method, fluorescence of FPTA NPs are 

quenched effectively by pictric acid, as a demonstration for its excellent selectivity 

and sensitivity (Zhao et al., 2021). Furthermore, polyphenols in CTs are determined 

to possess antitumor activity and inhibit enzymes, especially inducing apoptosis in 

cancer cells. In addition of the advantage of nanotechnologies, which produce 

distinctive properties and interactions (Ashita et al., 2018; Rizvi and Saleh, 2018). A. 

AlMalki et al. (2021) invented tannin extract nanoparticles (NP99) from CTs in 

nanoscale independently and as a hybrid of Tamoxifen drugs to provide apoptosis in 

human cancer cells of the breast in vitro.   
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3 Method 
 

3.1 Lignin and tannin raw materials 
 

Lignins from Kraft, Organosolv, CatLignin, Soda and Clean flow were used to prepare 

LNP dispersion. Industrial softwood (SW) and hardwood (HW) Kraft lignin (SW-KL 

and HK-KL) were provided by Metsä Fibre.  

 

SW-KL was sequentially fractionated into insoluble lignin fractions at VTT. SW-KL-

HighMw is the insoluble lignin and produced by dispersing lignin in 60% aqueous 

acetone by volume. The remained soluble lignin was diluted to 40% to continue the 

fractionation, and the precipitated lignin from 40% aqueous lignin was named SW-

KL-MidMw. The final remaining soluble lignin evaporated the solvent under a 

vacuum at 40 ºC to collect insoluble lignin, labeled as SW-KL-LowMw (Domínguez-

Robles et al., 2018).  

 

SW-CatLignin (Pinus sylvestris/Picea abies) and HW-CatLignin (Eucalyptus sp.) 

were produced on a laboratory scale using the CatLignin process, where lignin is 

partially demethylated, demethoxylated, and depolymerized through cleavage of 

alkyl−aryl ether bonds. Eventually, lignin obtained high phenolic OH auxochromes, 

and catechol units were so-called CatLignin (Widsten, Tamminen and Liitiä, 2020).  

 

The four lignins from the Organosolv process were derived from hardwood and grass 

from China. They are Fraunhofer beach, Eucalyptus sp., bamboo, and bagasse. The 

other two samples were Wheat straw soda lignin and SW-Clean flow. Wheat straw 

soda lignin was obtained from the lab, performed at 210 ºC for one hour, using aqueous 

60% EtOH as the reagent (Huijgen et al., 2014). SW-Clean flow is softwood KL 

extracted from Kraft pulping processes by continuous ultrafiltration of black liquor. 

The ultrafiltration of black liquor is executed using a ceramic membrane with a low 

molecular weight cut-off. The permeated solution has subsequently adjusted the pH 

into mild acidic condition, and lignin can be separated by decantation (Abbadessa, 
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Oinonen and Henriksson, 2018). The names of different lignins, their sources and 

chemical processes are listed in Table 3-1.  

 

Table 3-1. Designation, species type and process of different lignins 

Designation Species type Process 

SW-KL Softwood Kraft 

SW-KL-LowMW Softwood Kraft 

SW-KL-MidMW Softwood Kraft 

SW-KL-HighMW Softwood Kraft 

SW-CatLignin Softwood CatLignin 

CleanFlow Black Softwood CleanFlow 

Beech OSL Hardwood Organosolv 
Euca OSL Hardwood Organosolv 
HW-KL (Euca) Hardwood Kraft 
HW-CatLignin (Euca) Hardwood CatLignin 
Bamboo OSL Grass Organosolv 
Bagasse OSL Grass Organosolv 
Wheat straw SL Grass Soda 

 

Tannin VTT1, Tannin VTT2, Tannin VTT3 are from spruce bark, whose extraction 

method and other properties are presented in Table 3-2. 

 

Table 3-2. Extraction methods and properties of tannins from spruce bark 

Extraction method Code Tannin, 
% 

Lignin, % Carbohydrates, 
% 

Ash, 
% 

Protein, % 

Alkali-extraction VTT1 54.4 21.4 7.3 10.2 3.1 

Hot-water extraction VTT2 45.6 19.6 5 16.6 3.2 

Mild alkali extraction VTT3 55.1 0.4 15.7 12.9 5 

 

 

 

 

 

 

 



Lam-Thu Nguyen  Method 

 
74 

3.2 LNP synthesis and analytical methods 
 

The LNP and TNP preparation scheme is illustrated in Figure 3-1. Initially, the dry 

matter content of all lignins was determined to prepare 4 grams of solid lignin without 

moisture.  

 

Acetone solution (80% v/v) was added to lignin to obtain 100 mL lignin/tannin 

solution (40 mg/mL lignin). The lignin/tannin solution was vigorously stirred by a 

magnetic stirring bar overnight. The remaining lignin solution was removed by 

centrifuging in a pre-weighed tube at 10 000 rpm for 20 minutes, 10 ºC. The remaining 

solid was dried in the fume hood, then in the oven at 105 ºC and in the desiccator, for 

one hour, three hours, and 30 minutes, respectively. The dried lignin was weighed, and 

the insoluble content was calculated. The data of dry matter content and insoluble 

content are presented in Figure A-1 and A-2 in the Appendix section. 

 

The corrected 12.5 mL lignin solution was rapidly introduced into Milli-Q water that 

was stirring at 1 000 rpm with a magnetic stirring bar in a beaker. In particular, the 

measured Milli-Q water was adjusted accordingly from the corrected 12.5 mL of lignin 

solution, in which the lignin concentration was 500 mg in 50 mL of solvent (12.5 mL 

+ water = 50 mL). The LNP dispersion was then stirred intensively at 1 000 rpm for 

10 minutes, and then the stirring magnetic speed was reduced to 250 rpm overnight to 

evaporate acetone completely.  

 

The LNP dispersion was filtrated with a pre-weighed Whatman GF/F glass fiber filter, 

pore size 700 nm, to withdraw larger LNPs. Notably, the sample of LNP dispersion 

needed to be collected before and after filtration for size distribution, zeta potential 

measurements, and MIC antibacterial assays. The unfiltered and filtered LNP 

dispersion concentrations were determined by freeze drying for three days. Finally, the 

morphology of unfiltered and filtered LNP solid was observed by the SEM analysis.  
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Figure-3-1. LNP and TNP synthesis protocol 

 

3.2.1 Size distribution and zeta potential analysis 

 

The size distribution and zeta potential of LNP dispersions were indicated using 

Malvern Zetasizer. The unfiltered and filtered samples were diluted into 0.09% for 

both size distribution and zeta potential measurements. A 5-time measurement was 

selected to measure the average size distribution and zeta potential of LNP and TNP 

dispersion. The average and standard deviation of those values were taken into 

calculation. 

 

 

3.2.2 Morphology analysis by Zeiss Merlin SEM  

 

A scanning electron microscope (SEM) was used to produce images of LNP solid in 

nano-size. Before the official SEM analysis, 2 mm of an ultra-thin coating of 

electrically conducting gold/platinum was applied onto LNP and TNP surface, which 

improved the secondary electron emission and thermal conduction. During the SEM 
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analysis, 2 to 3 mV of high electron tension (EHT) was chosen in the SEM control 

window, and the highest magnification applied to study LNP and TNP shape in nano-

size was 50 000.  

 

 

3.2.3 MIC antibacterial assays  

 

Minimum inhibitory concentration (MIC) was used to determine the organism’s 

susceptibility to antimicrobials (Andrews, 2001). VTT staff performed the lab work to 

indicate the antibacterial properties. In this experiment, MIC was applied to indicate 

the antibacterial performance of LNPs and TNPs towards Gram-positive 

Staphylococcus aureus (S. aureus) and Gram-negative Escherichia coli (E. Coli) in a 

nutrient agar medium. Thus, MIC antibacterial assays were proceeded to determine 

the resistance of lignin and tannins in nanoparticles configuration towards those 

bacteria, thanks to their antioxidant and antimicrobial properties. Overnight bacterial 

culture broths were diluted into the dilution ratio of 1:100 and 1:1000. The undiluted 

inoculums for S. aureus and E. Coli were 4×108 CFU/mL and 7.3×108 CFU/mL, 

respectively. LNP volume with different concentrations was mixed with bacterial 

suspensions in many plates, and the samples were incubated for 24 hours. MIC values 

were recorded at the concentration of LNP and TNP that completely inhibited the 

growth of gram-positive S. aureus and gram-negative E. Coli. 

 



Lam-Thu Nguyen  Results and discussions 

 
77 

4 Results and discussions 
 

The results size distribution, zeta potential, morphology, and MIC assays of filtered 

and unfiltered LNPs from different lignins were performed in this part. In addition, the 

correlations between those results with the functional groups and Mw of raw were 

demonstrated to analyze the influence of lignin properties on the produced LNPs.  

 

4.1 Size distribution and zeta potential of TNPs and LNPs from different 

processes 
 

4.1.1 Size distribution of TNPs and LNPs from different processes  

 

In this study, the synthesized LNPs from lignin processes had a similar initial 

concentration, 10 mg/mL. The size distribution and zeta potential of LNPs were 

analyzed by using Malvern Zetasizer at 0.09% LNP concentration. The size 

distribution of LNPs from the Kraft process is presented in Figure 4-1. The size 

distribution by number (Mn) of unfiltered LNP shows the number of each size class 

occupying the total distribution. SW-KL-HighMw had the highest Mn of 109 nm, 

while the Mw of SW-KL and HW-KL had ca. 10 nm lower than of SW-KL-highMw. 

Comparing different filtered LNPs from the Kraft process, SW-KL-MidMw had the 

intermediate Mn of 84 nm, and SW-KL-lowMw possessed the lowest Mn of 32 nm. 

Those values were slightly reduced after nanofiltration. The Mn and standard deviation 

(SD) of filtered LNPs were narrower than unfiltered LNPs. 

 

Size distribution by volume (Mv) of LNPs from the Kraft process reveals the 

differential of the total volume of all counts of LNPs. The values of Mv of unfiltered 

SW-KL-HighMw and SW-KL-LowMw LNPs were highest, 728 nm and 580 nm, 

respectively, compared to other LNPs. Other LNPs possessed Mv in the range of 109–

185 nm. Otherwise, nanofiltration removed larger LNPs, the Mv and its SD thus 

reduced to 80–286 nm. Filtered LNPs from SW-KL-HighMw had the highest Mv, and 

SW-KL-LowMw LNPs possessed the lowest Mv. The Mv of filtered LNPs from SW-

KL, HW-KL, and SW-KL-MidMw decreased not considerably. Interestingly, the Mn 
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and Mi of SW-KL-MidMw were nearly unchanged when using 700 nm pore size filter 

paper. 

 

 
Figure 4-1. Size distribution of LNPs from Kraft process, A) unfiltered LNPs; B) 

filtered LNPs 

 

Overall, lignin from HW-CatLignin produced larger LNPs than from SW-CatLignin. 

Lignin from SW-CatLignin produced the smallest Z-average size of LNPs of 52 nm 

among LNPs from the Kraft pulping process. Meanwhile, LNPs prepared by HW-

CatLignin had roughly double values in peak size by Mi, Mn, and Mv. The Mi, Mn, 

and Mv of LNPs from HW-CatLignin and SW-CatLignin were primarily unchanged 

after filtration, yet the SDs were narrower than unfiltered LNPs. The unfiltered LNPs 

from these two lignins were relatively small compared to other LNPs from the Kraft 

process. The size distribution values were unvaried primarily for a small number of 

Mn and Mv (<110 nm). The size distribution by Mn, Mv, and Mi of SW-Clean flow 
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was unchanged after filtration, comparable to LNPs from SW-CatLignin. The crucial 

dissimilarity between the size distribution of LNPs from SW-CatLignin and SW-Clean 

flow was that the SDs of filtered LNPs from SW-CatLignin were narrower than 

unfiltered. On the other hand, the SDs of unfiltered and filtered LNPs from SW-Clean 

flow were primarily identical.  

 

The LNPs produced from Organosolv and Soda processes are shown in Figure 4-2. 

LNPs from Bagasse OSL and Euca OSL had smaller size distribution by Mi, Mn, and 

Mv than Bamboo OSL and Beech OSL. Moreover, the Mn and Mv of LNPs from 

Bagasse OSL and Euca OSL were similar, 64 nm and 92 nm, 69 nm and 104 nm, 

respectively. The values of Mn and Mv of LNPs from Organosolv were lower than 

from the Kraft process. 

 

 
Figure 4-2. Size distribution of LNPs from Organosolv and Soda lignin processes, A) 

unfiltered LNPs; B) filtered LNPs 
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The size distribution by Mi, Mn, and Mv of Bagasse OSL and Euca OSL was virtually 

unaltered, equivalent to the size distribution of LNPs from CatLignin. The size 

distribution of unfiltered LNPs from Bamboo OSL and Beech OSL were comparably 

considerable, which respectively were 285 nm and 680 nm with broad SDs. Despite 

the filtered Z-average size (Mi) of filtered LNPs from Bamboo OSL changing 

inconsiderably, its  Mv decreased from 285 nm  175 to 155 nm  2. Mv and its SD of 

filtered LNPs from Beech OSL were significantly higher than other filtered LNPs from 

the Organosolv process, 380 nm  150. Filtration separated substantially large LNPs, 

which narrowed down the size distribution of LNPs. LNPs from Beech OSL had the 

largest filtered Z-average size compared to other LNPs from the same process and 

other processes, although the size was reduced to 289 nm to 194 nm. The size 

distribution by Mv and Mi of Wheat straw-Soda were comparable to Bamboo OSL, 

which they possessed ca. 10 nm difference by Z-average size and Mv of filtered LNPs.  

 

Generally, at the same initial lignin concentration (10 mg/mL), LNPs from different 

processes produced LNPs with a Z-average size range of 52–314 nm. Lignins from 

Kraft and modified Kraft processes had the largest and the smallest LNPs by Mi. The 

size distribution of LNPs produced from Wheat straw-soda was similar to LNPs from 

Organosolv, while modified KL (SW-Clean flow and CatLignin process) generated 

the smallest LNPs by Mi that possessed similar size distribution. Mv was the most 

considerable changed size distribution by filtration, while the Z-average size of LNPs 

smaller than 160 nm did not alter significantly.  

 

Size distributions of TNPs from different tannins are displayed in Figure 4-3. 

Compared to LNPs from different processes at the same initial concentration (10 

mg/mL), the size distribution of TNPs was relatively not disparate from the size 

distribution of LNPs. The Mn and Mi of filtered TNPs from Tannin VTT1 and Tannin 

VTT3 gained ca. 10 nm difference in values. However, their values of unfiltered Mv 

had a significant distinction, which the size distribution by Mv of unfiltered TNPs from 

Tannin VTT3 was broader than from Tannin VTT1 (152 nm  75); and the size 

distribution by Mn, Mi, and Mv of TNPs from Tannin VTT3 was slightly higher than 

from Tannin VTT1. Otherwise, the size distribution by Mn, Mv, and Mi of TNPs from 

Tannin VTT2 were the most outstanding values among TNPs, which their Mn and Mi 
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of unfiltered TNPs were at ca. 3–4 times higher than from Tannin VTT1 and Tannin 

VTT3. 

 
Figure 4-3. Size distribution of TNPs from other process processes (Soda lignin and 

clean flow), A) unfiltered TNPs; B) filtered TNPs 

 

4.1.1.1 Zeta potential of TNPs and LNPs from different processes 

 

Zeta potential of LNP measures the magnitude of electrostatic repulsion/attraction 

between LNPs; the stability of LNP dispersion is thus determined. In theory, the 

hydrophilic groups in lignin provide LNPs in the water a surface charge and promote 

the emergence of electrical double layers and stabilize the LNP dispersion through the 

electrical double layer repulsion. Moreover, a negative surface charge is induced by 

the adsorption of OH ions on the LNP’s surface when the methoxy groups on the 

surface face towards the water (Lievonen et al., 2016). Therefore, as the effect of 



Lam-Thu Nguyen  Results and discussions 

 
82 

adsorption of OH ions and the negative charge of OH groups, the zeta potential of 

LNPs commonly has negative values (Matsakas et al., 2018). The LNP stability or 

high surface charges of LNP is achieved when the zeta potential value is higher than 

30 mV or under –30 mV. When zeta potential is under this range, LNP dispersion 

resists aggregation. As a result, LNP dispersion with high zeta potential values has 

lower surface charges and vice versa.  

 

 
Figure 4-4. Zeta potential of LNPs from Kraft process 

 

Figure 4-4 displays the zeta potential of LNP from Kraft process. The zeta potential of 

all LNP from the Kraft process represented high surface charges under –30 mV. The 

least negative zeta potential was unfiltered LNP from SW-KL-HighMw, –36.6 mV; 

the most negative zeta potential was from unfiltered LNPs from SW-KL-LowMw, –

61.32 mV. The zeta potential of unfiltered LNPs from HW-KL and SW-KL-MidMw 

were equivalent, –43.7 mV and –44.7 mV, respectively. Therefore, LNPs from SW-

KL had higher surface charges than SW-KL-HighMw, but it was lower than other 

LNPs from the Kraft process. Although zeta potential values of LNPs from other 

modified KLs (HW-CatLignin and SW-CatLignin) were higher than of SW-KL-

LowMw, zeta potential values from CatLignin method generally were lower than from 

other KLs. Thus, their surface charges were higher than from Kraft process. 

Additionally, zeta potential value of unfiltered dispersion from clean flow process was 

matched to LNP dispersion from SW-CatLignin, –51.2 mV.  
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The zeta potential values of LNPs from the Organosolv process are displayed in Figure 

4-5. Zeta potential values of LNPs from OSL were higher than from Kraft process, 

which means the surface charges of LNP dispersion from Kraft process were higher 

than from Organosolv. Accordingly, the surface charges of LNPs had such a trend of 

modified KL > Kraft > Organosolv process. Additionally, zeta potential of LNPs from 

the Soda process was equivalent to Bagasse OSL and Euca OSL from the Organosolv 

process, –41.4 mV. Therefore, the surface charges of LNPs from Kraft and modified 

Kraft processes were higher than from Organosolv and Soda. In general, the surface 

charge of filtered dispersion was marginally higher than that of unfiltered LNPs from 

SW-KL-HighMw, SW-KL, and SW-KL-MidMw. However, the surface charges of 

filtered dispersion from HW-KL and SW-KL-LowMw were lower than unfiltered 

dispersion. For the Organosolv process, zeta potential values did not always slightly 

increase after filtration. The zeta potential value of LNPs from Bamboo OSL slightly 

decreased by filtration.  

 

 
Figure 4-5. Zeta potential of LNPs from Organosolv and Soda processes 

 

Figure 4-6 demonstrates the zeta potential of TNP dispersion from different tannins. 

The most negative values of zeta potential belonged to TNPs from Tannin VTT1. 

According to the SD of zeta potential of TNPs from Tannin VTT1 and Tannin VTT3, 

the zeta potential values of filtered and unfiltered LNP were alike. Yet, the zeta 

potential values of filtered TNPs were not as stable as those of unfiltered TNPs. 

Meanwhile, zeta potential of TNPs from Tannin VTT2 was distinguishably higher than 
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from Tannin VTT1 and Tannin VTT3. Thus, the surface charges of TNPs from Tannin 

VTT1 and Tannin VTT3 were remarkably higher than from Tannin VTT2, in which 

the filtered TNPs from Tannin VTT2 possess the lowest surface charges. 

 

 
Figure 4-6. Zeta potential of TNPs from different tannins 

 

4.2 Morphology of TNPs and LNPs from different processes 
 

The morphology of LNP is studied by SEM, as displayed in Figure 4-7. Overall, the 

combination of acetone evaporation and freeze drying resulted in well-formed shapes 

of LNPs with smooth surfaces. However, some LNPs, e.g., SW-KL-LowMw and 

Beech OSL, mainly were merged. LNPs from the Kraft process possessed essentially 

spherical and elongated shapes. LNPs produced from SW-KL-MidMw had only 

spherical particles, whereas LNPs from SW-KL-LowMw and SW-KL-HighMw had 

various shapes from spherical, oblong, and irregular shapes.  
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 Figure 4-7. SEM images of LNPs from Kraft process  
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Some of the LNPs were merged, e.g., SW-KL-LowMw or Beech OSL or Bamboo 

OSL, and only remain their original morphology thanks to cellulose fibers from filter 

paper, which can be observed from the SEM images of SW-KL-LowMw. The shape 

of LNPs from the Soda process was moderately closed to HW-KL. Otherwise, lignin 

from the clean flow process produced well-distributed spherical LNPs, identical to 

SW-KL-MidMw despite the different size ranges. According to the SEM images of 

LNP from the CatLignin process displayed in Figure 4-7, LNPs from SW-CatLignin 

and HW-CatLignin were very tiny and compact that they possessed spherical and some 

elongated particles. Compared to LNPs from Kraft process, LNPs from the CatLignin 

process were appreciably smaller by observation, yet their morphology appeared to be 

equivalent.  

 

Figure 4-8 shows that LNPs from Beech OSL and Bamboo OSL were comparable, 

while the morphology of LNPs from Euca OSL and Bagasse OSL were commensurate. 

LNP prepared from Beech OSL and Bamboo OSL earns heterogeneous shapes, 

including irregular and oblong particles and limited spherical particles. Nevertheless, 

LNPs produced from Bamboo OSL were more spherical than from Beech OSL. LNPs 

from Euca OSL and Bagasse OSL occupied predominantly spherical morphology and 

few scattered elongated particles. The morphology of TNPs is presented in Figure 4-

9. TNPs from Tannin VTT1 possessed spherical primarily particles and a fraction of 

torus (donut-like) particles. The torus morphology appeared with TNP from Tannin 

VTT3, but the particles from Tannin VTT3 were more likely quasi-spherical than 

utterly spherical. Unlike TNPs from Tannin VTT1 and Tannin VTT3, TNPs from 

Tannin VTT2 predominantly possessed elongated and partially spherical shapes. 

 

 

 

. 
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Figure 4-8. SEM images of LNPs from Organosolv and Soda processes 
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Figure 4-9. SEM images of LNPs from Tannin VTT1, Tannin VTT2, and Tannin 

VTT3  
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4.3 Correlation of the size and zeta potential with functional groups and 

Mw of lignins using Principal component analysis (PCA) 
 

Principal component analysis (PCA) is used as a statistic tool in the PSL toolbox, 

Matlab, to indicate the correlation between the size and zeta potential of LNPs with 

the functional groups and Mw of lignins. The number of functional groups, Mw, Mn 

of lignins, was obtained by 31P NMR and provided by VTT. The data is present on 

Table B-2 in the appendix section. Initially, the general correlation matrix is 

constructed by the dataset of 12 samples and eight properties of lignins and unfiltered 

LNPs, which SW-KL-HighMw is excluded from the dataset since its Mw is very high 

and thus, disturbs the overall matrix. The corresponding eigenvalues are determined 

from the correlation matrix to find PC’s most appropriate principal component. The 

eigenvectors are built from the linear combination of original attributes in the dataset. 

The loading plots thus, including the selected PCs and their eigenvectors, are present 

to visualize the variation of the original attributes on the indicated PCs. Eventually, 

the biplot is used as a combination of loading and score plots to overview the properties 

of different classes of lignin, lignins from different processes, the characteristics of 

LNPs, and their correlation to other properties.  

 

 

4.3.1 Correlation analysis and scree plots (eigenvalue) 

 

The Spearman correlation map of different variables in the original order of lignin and 

LNPs is shown in Figure 4-10. The correlation coefficient ranges from –1 to 1, which 

the redder the square, the higher the positive correlation between variables. 

Contrastingly, the bluer the square, the higher the negative correlation between 

variables. According to (Mukaka, 2012; Akoglu, 2018; Schober, Boer and Schwarte, 

2018), there are many approaches to translate the correlation coefficient into 

descriptors such as ‘weak’ ‘moderate’ or ‘strong’ correlation, as described in Table 4-

1.  
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Table 4-1. Correlation coefficient interpretation. Reproduced from (Mukaka, 2012) 

Correlation Coefficient Interpretation 
0.9 to 1 (−0.9 to −1) Very high positive (negative) correlation 
0.7 to 0.9 (−0.7 to −0.9) High positive (negative) correlation 
0.5 to 0.7 (−0.5 to −0.7) Moderate positive (negative) correlation 
0.3 to 0.5 (−0.3 to −0.5) Low positive (negative) correlation 
0 to 0.3 (0 to −0.3) negligible correlation 

 

From the correlation map, the zeta potential has a moderate positive correlation with 

the OH quantity (–0.65), mainly phenolic OH content (–0.69). In contrast, the zeta 

potential of LNPs moderately increased with the OCH3 content (0.52) in lignin and 

weakly increased with the Mw (0.38). Therefore, the higher surface charges of LNPs 

result from higher OH (phenolic) groups and low OCH3 content in the starting 

materials. These results are logical and match the theory of zeta potential values of 

LNPs discussed previously, where the increasing OH groups influence the zeta 

potential values and thus improve the surface charges of LNPs.  

 

Otherwise, the Z-average size (Mi) of LNPs have a moderate positive correlation with 

the OCH3 content (0.63), aliphatic OH content (0.47) and possesses a weak negative 

correlation with the phenolic OH quantity (–0.35), Mw (–0.36), and PDI (–0.27) of 

initial lignin. The correlation between Mw and other functional groups is relatively 

negligible. This result indicates no crucial linkage between the lignin chemical’s 

structure and the formed size of LNPs, which could cause by the non-extensive 

separation of functional groups between low and high Mw (Zwilling et al., 2021). Lee 

et al. (2021) produced LNPs with the same method – nanoprecipitation and concluded 

that the larger size of LNPs is associated with lower Mw, lower hydrophobic (OCH3), 

and higher hydrophilic content. Ma et al. (2020) and Pylypchuk et al. (2020), (2021) 

had the same conclusions, in which the size of LNPs decreased with increasing Mw. 

Because lignin fraction with high Mw, low content of hydrophilic groups, and high 

S/G ratio lead to weak lignin-water interaction and a high degree of aggregation within 

the lignin, thus, generating smaller size of LNPs. However, in a different study by Lee 

et al. (2020), LNP dispersion was prepared by using THF as a solvent for lignin and 

through the solvent shifting method, and at the same concentration of lignin, a larger 

size of LNPs is associated with high Mw of lignin in spite of low phenolic and high 
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methoxy groups present at lignin with low Mw. Therefore, the loading plots from PCA 

are built to analyze further the relationship of the size, Mw, PDI, and functional groups 

of lignins. 

 

Figure 4-10. Correlation map of properties of lignins and LNPs. 

 

Table 4-2. Eigenvalue of the correlation matrix for properties of lignin and LNPs 

Principal 
Component 

Eigenvalues Variance 
capture 

(%) 

Cumulative 
variance capture 

(%) 
1 3.6 44.94 44.94 
2 2.28 28.48 73.43 
3 1.04 12.96 86.39 
4 0.51 6.34 92.73 
5 0.3 3.7 96.42 
6 0.16 2 98.42 
7 0.12 1.52 99.94 
8 0.005 0.06 100 

 

Table 4-2 displays the eigenvalue of the correlation matrix, and Figure 4-11 is the scree 

plot of PCA eigenvalue for data of lignin and LNPs. According to the rule-of-thumb, 
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the component having eigenvalue > 1 explains the variation of more than one variable, 

and thus, they are important than other PCs (Bro and Smilde, 2014). The first, second, 

and third PCs are 3.6, 2.28, and 1.04 which account for 44.94 %, 28.48 %, and 12.96%, 

respectively, and the first three PCs give 86.39% of the total variance (100%). 

Therefore, the first three PCs are the most appropriate PCs describing the correlation 

matrix.  

 
Figure 4-11. Scree plot of PCA eigenvalues for data of lignin and LNPs 

 

4.3.2 Eigenvectors (loading plots) 

 

Figure 4-12 describes the loading plot of the first three PCs with eight variables, and 

Table 4-3 shows their eigenvectors accordingly. PC1 explains 44.94% of what is 

happening in the data. PC2 and PC3 describe 28.48% and 12.96%, respectively, and 

they reveal different aspects from the results in PC1 that also affect the correlation 

matrix. 
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Figure 4-12. Loading plots of A) PC1, B) PC2, C) PC3  

 

A

B 

C 
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Table 4-3. Eigenvectors for the first three PCs data of lignin and LNPs 

Variable       PC 1 
(44.94%) 

PC 2 
(28.48%) 

PC 3 
(12.96%) 

Ohphen 0.498 -0.016 -0.003 
Ohaliph 0.034 0.505 0.477 
OCH3 -0.357 0.365 -0.128 

Total OH+COOH 0.497 0.142 0.203 
Mw -0.167 -0.327 0.766 
PDI -0.357 -0.406 -0.176 
Size -0.194 0.557 -0.127 

Zeta potential -0.427 0.096 0.284 
 

PC1 powerfully describes the correlation between the zeta potential of LNPs and 

functional groups of lignin. PC1 thus, shows that the higher negative value of zeta 

potential (less surface charge) is associated with less OH content, mainly phenolic OH 

content. Additionally, the lower surface charge of LNPs is influenced by the high 

methoxy proportion that represents hydrophobic characteristics in the lignin structure.  

 

Otherwise, PC2 explains the relationship between the Mw, PDI with the size of LNPs; 

and PC3 interpret the correlation between Mw with aliphatic OH content and possibly 

with a zeta potential of LNPs, respectively. PC2, or 28.48% of the total variance, 

certifies that the size of LNPs increase with aliphatic OH groups and with decreasing 

Mw and PDI of lignin. Interestingly, low Mw is also associated with high methoxy 

content in lignin, which the methoxy content is positively correlated to the size of 

LNPs. Nevertheless, the aliphatic OH content is predominant over methoxy proportion 

at low Mw of lignin, which explains the larger size of LNPs.  

 

PC3 exhibits a minor variance but describes another correlation between Mw and 

aliphatic OH groups in the lignin fraction. The surface charge might decrease when 

Mw increases with aliphatic OH content in lignin. The low correlation of aliphatic OH 

groups with other variables in PC1, and the contrast relationship between aliphatic OH 

groups and Mw in PC2 and PC3, consequently cause the low correlation between the 

Mw and aliphatic in the correlation matrix shown in Figure 4-10.  
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Therefore, the eigenvectors of three essential PCs indicate that the higher the phenolic 

OH groups in lignin, the higher the surface charges of LNPs, and vice versa. 

Furthermore, a high methoxy proportion in lignin decreases the surface charges of 

LNPs. Lignin with low Mw and PDI have a significantly higher aliphatic OH content 

despite relatively high methoxy OH content, which results in larger LNPs. In another 

aspect, when lignin with low Mw has low aliphatic content, it might result in less 

surface charge of LNPs. Compared to the correlation matrix where the size of LNPs 

negatively correlates with the phenolic OH content, the result is disturbed by PC1, 

where phenolic OH quantity is associated with high surface charges. 

 

 

4.3.3 Biplot of the first three PCs 

 

The biplot of the first three PCs of the dataset classified as the different processes of 

lignin is displayed in Figure 4-13. LNPs from OSL and Soda lignin shares the same 

profile according to PC1 in the biplot of PC1 and PC2, which have fewer surface 

charges and OH content in lignin. On the other hand, LNPs from KL or modified KL 

have the same profile that the OH content from phenolic OH amount is appropriately 

very high and results in high surface charge of produced LNPs. This result is due to 

the cleavage of the ether bond; the OH groups in KL are sufficiently higher than OSL 

(Chakar and Ragauskas, 2004). Additionally, the modified KL accelerates the OH 

groups content higher than the commercial KL, resulting in higher surface charges of 

LNP than from OSL and Soda lignin.  

 

PC2 in the biplot of PC1 and PC2 depicts the relationship between the size of LNPs 

and other properties of lignins. Unlike PC1, LNPs from the same process are disorder 

in terms of Mw, which KL and modified KL have a broad range of Mw from low to 

high and thus, produce LNPs with broad size distribution. Meanwhile, OSL tends to 

possess lower Mw, low PDI, and high aliphatic OH content, which would produce a 

larger Z-average size of LNPs. It is noted that methoxy content in OSL is relatively 

high, contributing to a low surface tension compared to LNPs from KL, as previously 

shown in the loading plot of PC1 and the zeta potential value of LNPs. As present in 

the biplot of PC2 and PC3, some of KL and all OSL have low Mw with low aliphatic 

OH quantity; the produced LNP tends to possess lower surface charges. However, the 
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correlation between the Mw and aliphatic of KL and OSL that affect the zeta potential 

value is not as valuable as PC1 and PC2. Only some KLs increased Mw with aliphatic 

OH, which feasibly creates LNPs with low surface charges. 

 
Figure 4-13. The biplot of the first three PCs of the properties of lignin and LNPs 

dataset classified by different processes of lignin, A) PC1 and PC2, B) PC2 and PC3 

 

A 

B 
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Figure 4-14. The biplot of the first three PCs of the properties of lignin and LNPs 

dataset classified by different classes of lignin, A) PC1 and PC2, B) PC2 and PC3 

A 

B 
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As explained earlier in the literature review, the OH groups directly influence the 

crosslinking ability, which its quantity depends on the sources of lignin and the 

extraction process. The amount of crosslinking site (OH and methoxy groups), thus, 

impacts its aggregation intensity and tendency by influencing non-covalent 

interactions (interaction of lignin and ions, van der Waals, etc.) that are possibly the 

driving forces of the nucleation and growth of LNPs in lignin solution (Figueiredo et 

al., 2018; Mishra and Ekielski, 2019; Österberg et al., 2020). Therefore, in a different 

aspect, the produced LNPs are classified as a different class of lignin as present in 

Figure 4-14 to observe the distinction of lignin sources. Softwood and grass reveal the 

distinguished difference in profiles according to PC1, which lignin from softwood 

tends to have more OH groups content, thus producing LNPs with high surface charge, 

while LNPs prepared from grass possess opposite characteristics. LNPs from 

hardwood show disparate profiles, one of the LNPs produced from hardwood has a 

high OH amount and thus, having high surface charges, although most of the LNPs 

from hardwood tends to have contrary features. There is no distinguished separation 

between LNPs from different classes of lignin observed from PC2, which proves that 

the Mw of lignins and size of LNPs are independent of the class of lignin, although 

they relatively distribute the same functional groups content. LNPs from hardwood 

and grass, according to PC3, inclines to be produced from lower Mw with aliphatic 

OH content in lignin compared to LNPs from softwood.  

 

As a result of PC1, PC2, and PC3, most lignins with low Mw and high aliphatic OH 

content would generate larger LNPs. Regardless of the Mw of lignin, higher surface 

charges are strongly influenced by the high phenolic OH quantity and depleted 

methoxy content. However, a minor lignin fraction possesses low Mw and low 

aliphatic OH, possibly producing LNPs with high surface charges. Not all OH groups 

contribute to the increased surface charges from our dataset. Higher aliphatic OH 

content according to PC3 might be associated with the low surface charges, yet 

principally it is more likely to be related to high Mw of lignin.  
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4.4 Results of MIC assay  
 

Table 4-4 discloses the MIC values of unfiltered LNPs and TNPs that inhibited the 

growth of S. aureus and E. Coli. Some LNP dispersions exhibited poor antibacterial 

effects against MRSA, so they are not further tested against E. Coli. In the form of 

nanoparticles, some of the lignins from different processes and sources of lignins were 

successfully impeded the growth of S. aureus and E. Coli, in which LNPs from 

hardwood was the most effective LNPs against S. aureus that yielded MIC of 1.59 

mg/mL and 1.65 mg/mL, respectively. The most potent LNP dispersions against S. 

aureus are also effective towards E. Coli.  

 

In addition, TNPs also show comparable MIC values compared to the most effective 

LNPs against S. aureus despite their relative difference in composition, as shown in 

Table 4-4. Otherwise, five out of eight effective LNPs towards S. aureus are derived 

from KL, and other LNPs originate from OSL and Soda lignin. Noticeably, at a 

dilution factor of 1:100, the MIC values of Wheat Straw-Soda, Beech OSL, SW-KL-

LowMw, Bagasse-OSL, and SW-CatLignin were as identical as of 1:1000. However, 

not many LNP dispersions successfully showed 100% mortality of E. Coli bacteria. 

LNPs from hardwood and grass, in general, possess the most antibacterial effect 

against E. Coli. Both LNP and TNP dispersions favorably present the most potent 

inhibition against gram-negative E. Coli at their highest LNP concentration, indicating 

a weak interaction between particles surface and the E. Coli cell wall.  

 

In principle, gram-negative and gram-positive have a negatively charged surface. 

Gram-positive S. aureus has a thicker layer of peptidoglycan as opposed to E. Coli, 

where it contains more fatty acids, which are attributed by negatively charged teichoic 

acids that enlarge from the cell wall in the surface of most gram-positive bacteria and 

increase the negative surface charge of the cell envelope (Marulasiddeshwara et al., 

2017; Sánchez-López et al., 2020). As a result of the second cell wall, as in Gram-

negative bacteria, LNPs have higher antimicrobial efficacy against gram-positive S. 

aureus than gram-negative E. Coli. In the form of nanoparticles, the antimicrobial 

assay results agree with the results of Dong et al. (2011) and Coral Medina et al. 
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(2016), which lignin in many articles presents a high reduction of S. aureus, whereas 

no or fewer effects were observed against E. Coli.  

 

Table 4-4. MIC results of unfiltered LNPs and TNPs against S. aureus and E. Coli 

Name of LNPs and 
TNPs 

1:1000 dilution factor 1:100 dilution factor 
MIC, mg/mL 

LNPs (unfiltered) S. aureus E. coli S. aureus E. coli 
HW(Euca)-KL 1.59 - 3.3 13.2 

HW(Euca)-CatLignin 1.65 13.2 3.175 - 
HW(Beech)-OSL 6 12 6 - 

G(Wheat straw)-Soda 6.1 12.2 6.1 12.2 
SW-KL 9.45 - 18.9 - 

SW-KL-LowMW 9.8 - 9.8 - 
G(Bagasse)-OSL 12 - 12 - 
SW-CatLignin 13 - 13 - 

TNPs (unfiltered)   
VTT1 1.675 13.4 3.35 13.4 
VTT2 3.1 12.4 3.1 12.4 
VTT3 2.8 11.2 5.6 11.2 

 

The inhibitory effect of LNPs against microorganisms as E. Coli was determined by 

phenolic fragments in the side-chain structure and functional groups. The phenolic 

fragment with functional groups containing oxygen in the side chain generally is less 

effective than with double bond in the Cα=Cβ position of the side chain and methoxy 

groups in the γ-position (Espinoza-Acosta et al., 2016; Kai et al., 2016). Yun et al. 

(2021) indicated that lignin with the highest amount of phenolic OH and content with 

low Mw had the best antibacterial performance against E. Coli and S. aureus. 

However, in experiment shows unclear relationship between antibacterial effects of 

LNPs and the functional groups and Mw of lignins. Particularly, the differences among 

antibacterial levels of LNPs remained undetermined
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5 Conclusions 
 

The vital goal of this thesis was accomplished as LNPs, and TNPs from different 

processes and classes of lignin were well-prepared by the nanoprecipitation method. 

The morphology, size distribution and zeta potential of LNPs and TNPs were 

intensively studied. At the same lignin/tannin concentration (10 mg/mL), lignin and 

tannins generally produced unfiltered nanoparticles at the range size of 52–314 nm by 

intensity. The zeta potential of LNPs and TNPs were primarily from –35.3 to –61.3 

mV and resulted in good colloidal dispersions. The solid LNPs and TNPs were 

collected by freeze drying LNP/TNP dispersion, then analyzed by SEM. The shapes 

of LNP/TNP were well-formed spherical particles with smooth surfaces, although 

some of the LNP/TNP merged and involved oblong and irregular particles. Many LNP 

and TNP dispersions had an excellent antibacterial effect against MRSA, followed by 

the MIC assays against gram-positive S. aureus and gram-negative E. Coli. All TNP 

dispersions obtained a high antibacterial effect. Particularly, LNPs and TNPs 

possessed more antibacterial effects towards S. aureus than E. Coli due to the 

additional layer in gram-negative bacteria. Therefore, TNPs and only some LNPs with 

the best inhibition rate over S. aureus could instruct the growth of E. Coli. The Z-

average size and surface charges of LNPs had varied values because of distinct 

functional groups and Mw of lignin induced by chemically modified processes. Thus, 

the PCA approach was used to discover the relationship between properties. The 

results revealed that functional groups significantly influenced zeta potential, in which 

high surface charges of LNP were associated with low methoxy content and high 

phenolic OH groups in lignins. Otherwise, a larger size of LNPs was induced by lower 

Mw of lignin, where it had more aliphatic OH quantity in lignin’s chemical structure. 

There was no correlation between antibacterial levels despite LNP and TNP 

dispersions had a high antibacterial effect against S. aureus and E. Coli in vitro.
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Appendix A – Other properties  
 

Dry matter content determination  
 

The dry matter content was expected at ca. 2%. It was determined by placing 500 mg 

of lignin in a pre-weighed metal dish with a lid. The metal dish that holds 500 mg 

lignin was put into an oven at 105 ºC overnight, where the lid was removed for 

moisture to evaporate. The next day, the lid closed the metal dish before placing it into 

a desiccator for 30 minutes. The final weight of lignin was recorded to calculate the 

dry matter content according to the equation (1): 

 

Dry matter content (%) =  
mass of lignin after drying (g)

initial mass of lignin (g)
× 100  (1) 

 

For example, if the calculated dry matter content is 5%, the actual lignin required for 

the next step is 4.2 grams.  

 

 
Figure A – 1. Dry matter content of raw lignin 
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Insoluble lignin content determination 
 

The insoluble content is determined by placing the lignin soluble in a pre-weighed 

plastic tube. After centrifugation, the supernatant was transferred into a Schott flask. 

The remained lignin solid was dried, and the content of insoluble lignin in 100 mL 

lignin solution is determined based on equation (2): 

 

Insoluble lignin content (%) =
remaining mass of solid lignin after centrifuge and drying (g)

initial mass of solid lignin (g)
× 100 (2) 

 

In detail, the required mass for this experiment was 4 grams. However, the exact mass 

in practical measurement was taken instead of theoretical 4 grams for a more precise 

calculation. For instance, it was practically 4.005 grams, or 4.009 grams of lignin or 

tannin were recorded. Moreover, if the insoluble content of lignin is 4%, the corrected 

lignin solution for the next step is then 13.02 mL to prepare 1% of LNP in 50 mL. 

 

 
Figure A - 2. Insoluble content of lignin solution 
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LNP mass loss content upon nanofiltration  
 

The filter paper's weight determined the LNP mass loss content by the filtration 

process. This measurement aims to indicate the LNP removal yield upon filtration, in 

which the precise value is calculated based on the LNP dispersion concentration 

followed by equation (3): 

 

Filtration mass loss (%) =  
mass of filter paper after filtration (g)−initial mass of filterpaper (g)

mass of lignin in dispersion before filtration (g)
× 100 (3) 

 

On the other hand, the concentration of LNP dispersion is determined according to 

equation (4): 

 

LNP dispersion concentration (%) =  
mass of solid LNPs after freeze drying (g)

mass of LNP dispersion before freeze drying (g)
× 100  (4) 

 

In equation (4), the density of Milli-Q water (antisolvent) is assumed to be 1 g/mL at 

room temperature.  

 
Figure A -  3. LNP mass loss content upon filtration 
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pH of LNP and TNP dispersion 
 

Table B - 1. pH of LNP and TNP dispersion, measured by Mettler Toledo SevenGo 
pH meter 

 

  Undiluted  Diluted into 0.09% conc. 
  Unfiltered 

LNP 
Filtered 

LNP 
Unfiltered 

LNP 
Filtered 

LNP 
SW-KL 3.1 3.94 3.8 4 

HW-KL (Euca) 3.4 4.42 4.1 4.33 
SW-KL-LowMW 7.38 7.3 7.05 7.1 
SW-KL-MidMW - - - - 
SW-KL-HighMW 3.38 4.55 4.14 4.55 

SW-CatLignin 3.15 3.5 4 4.09 
HW-CatLignin 

(Euca) 
- - - - 

Beech OSL 3.34 4.22 4.09 4.23 
Euca OSL 3.37 4.78 4.02 4.58 

Bamboo OSL 3.49 6.12 4.06 5.91 
Bagasse OSL 3.49 3.91 4.08 4.12 

Wheat straw SL 3.27 3.67 3.74 3.83 
CleanFlow Black 4.27 4.6 4.42 4.41 

Tannin VTT1 - - - - 
Tannin VTT2 2.77 3.07 3.41 3.2 
Tannin VTT3 2.92 3.2 3.56 3.3 
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Functional groups of lignins analyzed by 31P NMR 
 

Table B - 2. Data of functional groups of different lignins 

Lignin 31P NMR - mmol/g g/mol PDI 
H G Cond. + S Catechol Total OHphen OHaliph COOH OCH3 Total OH + COOH Mw Mn 

SW-KL 0.23 2.46 2.05 0.00 4.74 1.99 0.43 4.55 7.16 5010 2277 2.2 
SW-KL-LowMW 0.28 3.51 1.72 0.00 5.51 1.61 0.57 4.28 7.69 1590 1060 1.5 
SW-KL-MidMW 0.25 2.20 1.90 0.00 4.35 1.37 0.49 4.07 6.21 3390 1994 1.7 
SW-KL-
HighMW 

0.21 1.82 1.83 0.00 3.86 2.00 0.31 3.61 6.17 9570 2991 3.2 

SW-CatLignin 0.70 1.20 2.40 1.20 5.50 0.90 0.70 2.19 7.10 3700 1700 2.2 
CleanFlow Black 0.24 1.94 1.73 1.02 4.93 1.46 0.40 4.41 6.79 2070 711 2.9 
Beech OSL 0.08 0.56 2.44 0.35 3.43 1.80 0.12 6.32 5.35 1890 943 2.0 
Euca OSL 0.10 0.38 2.59 0.28 3.35 0.62 0.19 6.33 4.16 4092 981 4.2 
HW-KL (Euca) 0.20 0.49 3.40 0.50 4.59 1.30 0.30 5.60 6.19 2050 1170 1.8 
HW-CatLignin 
(Euca) 

1.17 0.67 3.05 1.87 6.76 0.29 0.83 2.75 7.88 2330 1370 1.7 

Bamboo OSL 0.69 0.41 1.57 0.32 2.99 0.66 0.32 5.07 3.97 2927 809 3.6 
Bagasse OSL 0.86 0.40 1.14 0.33 2.73 0.71 0.59 3.60 4.03 3611 806 4.5 
Wheat straw SL 0.47 0.53 1.96 0.44 3.40 1.43 0.96 4.60 5.79 3300 2000 1.7 

 

 


