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Understanding Lignin Micro- and Nanoparticle Nucleation and 
Growth in Aqueous Suspensions by Solvent Fractionation 

Jacob D. Zwillinga, Xiao Jianga, Franklin Zambranoa, Richard Vendittia*, Hasan Jameela, Orlin D. 
Velevb, Orlando J.  Rojasc, and Ronalds Gonzaleza* 

There have been many recent advances toward developing sustainable, micro- and nanoscale materials from biobased 

resources such as lignin to further strengthen the bioeconomy. It is critical to study the factors affecting nucleation and 

growth mechanisms, as well as stability of lignin micro-and nanoparticles (LPs) to further enhance the development of such 

materials. However, there remains a gap in the literature examining the many interactions present during LP formation. 

These interactions vary with the chemical compostion and molecular weight distribution of different kraft lignin (KL) 

fractions. To examine the composition of different lignin fractions, KL can be fractionated using water-miscble organic 

solvents of different polarities such as tetrahydrofuran (THF), acetone, and ethanol. Herein, we show that the micro- and 

nanoparticles formed from each lignin fraction exhibit significant differences in their size (50-300 nm), particle aggregation 

and fusion propensity, and spherical morphology in aqueous suspensions. These differences are proposed to be due to the 

solvent-lignin-water interactions related to molecular weight and functional groups of the lignin fractions and solvent/water 

polarity. Another factor affecting the nucleation and growth of LPs is the lignin concentration. The LPs formed at low lignin 

concentrations exhibit a larger average particle size compared to the LPs formed at higher lignin concentrations  due to the 

aggregation and fusion of the small particles.  These results will allow for a stronger foundation in understanding the 

nucleation and growth of LPs when attempting to develop value-added applications for kraft lignin. 

Introduction 
Lignin micro- and nanoparticles have had heightened interest in 

the past decade in the attempt to enhance and apply lignin, a 

by-product of the pulp and paper industry, to more valuable 

applications. Applications of lignin have been investigated for 

close to 70 years, and yet the most practical use of this 

biopolymer is to combust it for energy and steam production. In 

the present work, softwood lignin was examined. Softwood 

lignin results from the polymerization, in vivo, of predominantly 

one of three monolignols, namely guaiacyl (G-unit), along with 

small amounts of p-hydroxyphenyl (H-unit).1,2  

Kraft lignin (KL) has a significantly different structure than 

native lignin due to the harsh alkaline treatment during pulping. 

This includes the generation of a large number of hydroxyl 

groups as a result of the cleavage of ether bonds.3,4 Due to 

lignin’s multi-functional groups, mainly phenolic hydroxyl, 

carboxyl, and aliphatic hydroxyl groups, a unique set of 

properties are revealed related to its UV light absorption5,6, 

emulsion stabilization ability7, antioxidant effects5, chelation8 

and antimicrobial activity.9,10 These properties invoke the 

potential for the development of eco-friendly, high-value 

products from lignin. Although KL has great potential for 

valorization, there has remained a lack of exploitation of such 

properties due to KL’s challenges in product development.  

Commonly met challenges in the attempt to apply KL to value-

added applications include its propensity to form large, 

amorphous aggregates, its lack of solubility in water, and 

immiscibility with many thermoplastic and thermosetting 

polymers.11   

In order to improve the suitability of kraft lignin for high-

value applications, it can be modified chemically12, fractionated 

to form more homogeneous samples13, or precipitated into 

spherical submicron particles for easier dispersion and 

improved features.9,14,15 Unmodified KL tends to form large, 

irregular-shaped aggregates with a high degree of 

heterogeneity. Although mechanical treatment can make such 

aggregates smaller, morphological uniformity remains an issue. 

Transforming lignin into small, spherical particles has 

advantages over utilizing KL in solution form.15 Smooth, 

spherical nanoparticles have intrinsic features such as enhanced 

electrostatic double layer repulsion for higher stability given the 

smooth surface16,17, minimized surface energy from the 

spherical shape, and a high total surface area per unit mass 

derived from their small size.17  They may be easily applied in 

low viscosity suspensions and can be used when extremely 

small features are desired.  
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Solvent shifting, or nanoprecipitation, is a common method 

to synthesize colloidal lignin suspensions by means of 

supersaturation.18–24 Various procedures have been developed 

experimentally including the addition of a lignin solution into 

excess antisolvent25, the addition of excess antisolvent into a 

lignin solution22, and dialysis23, which are respectively depicted  

in Fig. 1a-c. In previous papers, particle formation mechanisms 

of lignin under various solvent shifting methods have been 

investigated but there remains a gap of comparing resulting 

particle characteristics and behavior in aqueous suspensions 

formed from kraft lignin fractionated using different organic 

solvents.17,21,23–28  

Sipponen et al. determined that the formation of lignin 

particles in a common lignin solvent, ethanol, is dependent on 

solubility and ultimately molecular weight.21 It was reported 

that the formation mechanism of LPs is kinetically-limited, 

where large molecular weight lignin fractions nucleate first and 

thereafter, smaller lignin molecules adsorb onto the surfaces of 

the nuclei.21 Smaller, metastable soft particles may also form 

and can eventually fuse with the larger particles through a 

process called Ostwald ripening, contributing to the overall 

growth of the particles.21 Leskinen et al. discussed a possible 

micro-emulsification mechanism where lignin molecules 

become entrapped within a droplet of solvent and as the 

antisolvent is added, the droplet constricts and eventually 

phase separates as the solvent concentration greatly 

decreases.25  

Fractionation of KL through solvent extraction is a simple 

and effective method in homogenizing the lignin sample for LP 

fabrication.24,25,29,30 Although, fractionation changes the MW 

distribution and chemical composition of the lignin used. 

Leskinen et al. found that the fractionation of lignin by 

increasing the concentration of water in THF as the solvating 

system yields a smaller particle size.25 In contrast, Ma et al. 

showed that fractionating smaller molecular weight lignin 

molecules by using varying concentrations of ethanol and water 

prior to particle precipitation led to an inverse relationship 

between lignin molecular weight and particle size.24  The results 

were attributed to the increase in the hydrophilic character of 

the lower molecular weight species, where hydrophobic forces 

tightly compacting the lignin particles are reduced.24 It is worth 

noting that the lowest molecular weight fraction contained 67% 

of the starting lignin material, relating to a large degree of 

polydispersity.24  

Previously reported studies have reported some 

relationships between molecular weight, chemical composition, 

and resulting particle size by fractionation techniques, but the 

fractionation techniques used prior to nanoprecipitation did not 

result in extensive separation of the low and medium molecular 

weight lignin fractions.24,25,29,30 Thus, significant aggregation 

and metastability of lignin particles was not revealed or 

explored.  Additionally, the effect of lignin concentration in 

solution on particle size has been briefly addressed as a general 

increasing trend with increasing concentration, but the 

metastability and aggregation propensity of LPs at low lignin 

concentrations has not been explored.  

Herein, we show that fractionating KL with organic solvents 

of varying polarity (THF, acetone, and ethanol) results in distinct 

lignin fractions of approximately equal mass yields with 

significant differences in their molecular weight and chemical 

composition. The hydroxyl content and molecular weight of 

lignin fractions were characterized by 31P-NMR and gel-

permeation chromatography (GPC), respectively. The 

composition differences between the lignin fractions translates 

to a variability of colloidal behavior and resulting particle size 

when precipitated. The LPs’ size and morphology was 

determined by dynamic light scattering (DLS) and transmission 

electron microscopy (TEM), respectively. Using both DLS and 

TEM particle size analysis techniques concomitantly allows for a 

greater understanding of the stability and colloidal behavior of 

the LPs. In addition to studying the effects of solvent 

fractionation on lignin particle formation, the effects of lignin 

concentration prior to precipitation are also examined. We 

propose that lignin particles must contain a high enough 

hydrophobicity to form discrete, compact, core-shell particles 

without exceeding a thermodynamically unfavorable surface 

free energy that may cause aggregation. The novelty of this 

work is related to describing the connection between the 

chemical composition of lignin, dissolved lignin concentration, 

and the colloidal interactions of LPs that result in formation of 

interparticle aggregates and particle fusion. The contribution of 

this work includes a deeper understanding of the nucleation 

and growth of LPs and their colloidal behaviour relating to 

aggregation propensity and/or particle fusion.   

Experimental 

Materials 

Pine softwood kraft lignin (KL) extracted from black liquor via 

the LignoBoost method was used for all experiments. KL was 

acquired as an air-dried powder and the residual moisture was 

removed by vacuum oven drying for at least 24 hours prior to 

sampling. Acetone, ethanol, and tetrahydrofuran (1% BHT for 

stabilization) were acquired from Fisher Scientific (Waltham, 

MA, USA) and were reported as reagent grade (>99% purity). 

Fractionated samples were centrifuged at 4000 RPM for 5 

minutes using 50 mL Falcon centrifuge tubes (Corning, NY, USA) 

using an Eppendorf Centrifuge (Model: 5702). The transfer of 

Fig. 1 Schematic of different solvent shifting methods including a) lignin solution-into-

water, b) water-into-lignin solution, and c) dialysis of lignin solution with water. 
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solutions and solvents was done using Eppendorf volumetric 

pipettes (500 µL-5 mL, 20 µL- 200µL). A plastic cuvette was used 

for dynamic light scattering measurements (Model: ZEN0040, 

Malvern Panalytical). Dialysis tubing with a molecular weight 

cut-off (MWCO) of 3500 Da was acquired from Fisher Scientific 

(Waltham, MA, USA). 

Methods 

To properly examine the effects of solvent fractionation of 

KL on LP synthesis, each lignin fraction must be analysed for 

their chemical structure and molecular weight distribution.  This 

is critical for a better understanding of formed particle 

morphology, size, and colloidal behavior. Fig. 2 depicts the 

overall methodology of this work.  

 

 

Fractionation of Kraft Lignin 

For preparing the lignin fractions, approximately 1 g of oven-

dried KL was added to a 50 mL centrifuge tube along with 40 mL 

of anhydrous ethanol. The solution was mixed vigorously using 

a Fisher Scientific Digital Vortex Mixer for 60 seconds at 3,000 

RPM to ensure maximum solubility. The mixture was then 

centrifuged for 5 minutes at 4,000 RPM. The supernatant was 

decanted and set aside for later use. In the same centrifuge 

tube, 40 mL of anhydrous acetone was added to the ethanol 

insoluble fraction and the previous steps were repeated. This 

process was repeated once more using anhydrous THF as the 

solvent. The THF insoluble fraction was discarded. This process 

is depicted schematically in Fig. 3. Each individual lignin fraction 

is hereby referred to as E-Frac, A-Frac, and T-Frac for lignin 

fractions soluble in ethanol, acetone, and THF respectively. Each 

lignin fraction was then dried by evaporating the solvent using 

a Büchi Rotovap R-100 followed by vacuum oven drying. 

Approximately 30 mg OD of each lignin fraction was set aside 

for GPC and 30 mg OD for NMR analysis. The remaining lignin 

from each fraction was then re-dissolved in its appropriate 

solvent to a concentration of 10 g/L. These lignin solutions were 

then used for LP synthesis 

To characterize the KL soluble in acetone and THF without 

prior fractionation, approximately 1 g of oven-dried KL was 

added to 40 mL of both anhydrous acetone and THF separately. 

The solutions were then mixed using a vortex mixer for 60 

seconds at 3,000 RPM to ensure maximum solubility. These 

solutions were centrifuged, and the insoluble portion was oven 

dried to determine solubility of the lignin in each solvent. The 

insoluble lignin fractions were discarded and only the soluble 

fractions were studied. The soluble portions are labelled as the 

combined acetone and ethanol soluble fractions (AE-Frac), and 

all three fractions combined, TAE-Frac. The solutions were then 

used for LP synthesis. The solubility of KL could be improved 

with each solvent by adding a portion of water during 

dissolution, but anhydrous solvents were used to clearly 

observe the effects of solvent-lignin-antisolvent interactions 

based on polarity and hydrogen bonding differences. Fig. 3 

illustrates the labelling and description of each fraction. 
  

 

 

Molecular Weight Determination of Lignin Fractions by Gel-

Permeation Chromatography 

Gel permeation chromatography (GPC) was used to 

determine the average molecular weights and molecular weight 

distributions of the kraft lignin fractions. All lignin samples were 

acetylated prior to  analysis to improve solubility in the mobile 

phase tetrahydrofuran (THF).31 The analysis was performed 

using a Waters GPC instrument equipped with a UV detector 

(set at 280 nm) using (THF) as the eluent at a flow rate of 0.7 

mL/min at 35 °C. A sample concentration of 1 mg/mL and an 

injection volume of 50 μL was used. Two ultra Styragel linear 

columns linked in series (Styragel HR 1 7.8 × 300 mm and 

Styragel HR 5E 7.8 × 300 mm) were used. A series of 

monodispersed polystyrene standards were used as calibration 

standards.13 

 
Lignin Hydroxyl Group Content by 31P-NMR Analysis 

31P-NMR analysis was performed to identify the various 

hydroxyl group contents of each lignin fraction. This analysis 

Fig. 3  Methodology of KL solvent fractionation and description of lignin fractions. 

Fig. 2 Flowchart of lignin fractionation, characterization and particle synthesis. 
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was performed following the previously reported 

procedure.32,33 The 31P-NMR spectra were acquired using a 

Brüker 500 MHz spectrometer. Each peak was integrated to 

calculate the hydroxyl contents of each sample. 

 
Derjaguin-Landau-Verwey-Overbeek (DLVO) Model of Lignin 

Particles 

The energy of interaction as a function of interparticle 

distance was modelled using the DLVO theory of colloidal 

stability to determine the overall stability of the lignin particles 

with decreasing particle size. This model excludes non-DLVO 

forces beyond electrostatic repulsion and Van der Waals 

attractive forces. The following equations were used for the 

model derived by Israelachvilli34: 

 

𝑉𝑟𝑒𝑝 =
𝑅

2
9.22 × 10−11 tanh2(

𝜁0

103
) exp(−𝜅𝐷)           (1) 

 

𝑉𝑣𝑑𝑤 = −
𝐴𝑅

12𝐷
                (2) 

 

𝑉𝑡𝑜𝑡 = 𝑉𝑟𝑒𝑝 +𝑉𝑣𝑑𝑤                (3) 

 

In Eqs. 1-3, Vrep is the potential energy of electrostatic 

repulsion at 25°C in an aqueous medium between two identical 

spheres with radii R, where ζ0 is the surface potential 

approximated as the Zeta potential, κ is the Debye length, and 

D is the interparticle distance. Vvdw is the attractive Van der 

Waals potential energy, where A is the Hamaker constant of 

lignin approximated to be 1.7 x 10-20 J by Hollertz et al.35 

 
Preparation of Kraft Lignin Particles 

The synthesis of colloidal lignin particles was performed by first 

transferring 1 mL of the lignin fraction from each solvent 

solution to a 15 mL scintillation vial. After which, 9 mL of 

antisolvent (water or dilute NaOH solution) was quickly poured 

into the solution under rapid magnetic stirring (Fig. 1b). The 

colloidal suspensions are hereby referred to as TAE-LPs, AE-LPs, 

E-LPs, A-LPs, and T-LPs for particles precipitated from their 

respective lignin fractions TAE-Frac, AE-Frac, E-Frac, A-Frac, and 

T-Frac (Fig. 3). In order to obtain a concentration profile of 

particle size and morphology for each solvent system, dilutions 

of each lignin solution with the appropriate organic solvent 

were performed to obtain concentrations ranging from 0.5 to 

10 g/L prior to antisolvent addition. Each suspension was 

dialyzed with DI water for 24 hours with Fisherbrand dialysis 

tubing (MWCO: 3500 Da) then further diluted with DI water to 

a final lignin concentration of 0.01 wt.%. 
 

Dynamic Light Scattering  

A Zetasizer Nano ZS instrument (Malvern Instruments Ltd.) was 

used for particle size analysis and ζ-potential of all samples. For 

particle size measurements, approximately 2 ml of the colloidal 

lignin suspension was added to a plastic cuvette (ZEN0040, 

Malvern, U.K) with lignin concentrations of 0.01 wt.% for each 

sample, within the concentration range advised by the 

manufacturer (Malvern Panalytical Ltd.). Particle size 

measurements were performed in duplicate at 25°C after an 

equilibration time of 120 seconds. The particle sizes are 

determined by an intensity weighted average (Z-average) of 

scattered light and reported as the average particle diameter, 

δ.  
 

Transmission Electron Microscopy (TEM) 

TEM Images of the lignin particles were taken using a FEI Talos 

F200X Transmission Electron Microscope (TEM). These samples 

were prepared by dropping a small amount of each suspension 

on a TEM grid and dried overnight. 
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Results and Discussion 

Lignin Fractionation and Molecular Weight Distribution 

It has been previously established that KL has different 

solubilities in various organic solvents due to the polarity of the 

solvent and hydrogen-bonding capability between the KL and 

the solvent.13,36 Lignin has been shown to be successfully 

fractionated either with organic solvent/water mixtures21,24,25 

or using separate anhydrous organic solvents.13,36 The 

characterization of KL fractions separated with three, water-

miscible, anhydrous organic solvents directly used for particle 

precipitation has yet to be completed and is provided herein. 

Fig. 4 includes the yields of KL in each fraction from solvent 

fractionation. KL was first dissolved in ethanol. The ethanol-

insoluble portion was then dissolved in acetone. The remaining 

acetone-insoluble lignin was then dissolved in THF (see Fig. 3). 

Only 31.2% of KL was soluble in ethanol (E-Frac). Acetone was 

able to dissolve 54.7% of the ethanol-insoluble portion, 

corresponding to 37.6% of total KL mass (A-Frac). THF was able 

to dissolve 90.1% of the remaining KL, corresponding to 28.1% 

of the total KL mass (T-Frac). Directly mixing the original KL in 

acetone resulted in a solubility yield of 69.9% (AE-Frac). Finally, 

directly mixing the original KL with THF resulted in the 

dissolution of 96.9% of the entire KL sample (TAE-Frac).  

In Fig. 5, the molecular weight distribution curves of each KL 

fraction acquired through GPC are shown. Table 1 contains the 

calculated number average (Mn) and weight average (Mw) 

molecular weight of each fraction from the distribution curves. 

In GPC, higher molecular weight (MW) species are too large to 

become entrapped within the pores of the column and elute 

first while the smaller MW species are entrapped within the 

small pores of the column and elute last (Fig. 5). When KL was 

fractionated, the low MW fractions reside in the ethanol 

solution (E-Frac), the intermediate MW fractions reside in the 

acetone solution (A-Frac), and only highest MW fractions of KL 

were solubilized in the THF solution (T-Frac), as evidenced in Fig. 

5 and Table 1.  

The combined KL fractions, TAE-Frac and AE-Frac, have 

much broader MW distributions compared to the individual 

fractions, as evidenced in Fig. 5 and Table 1. The AE-Frac MW 

distribution curve is representative of a mixture of the A-Frac 

and E-Frac, as expected.  The TAE-Frac MW distribution contains 

all three of the individual lignin fractions (see Fig. 5).  Solvents 

that result in a lower solubility of the KL sample, such as ethanol, 

can dissolve only the lower MW fractions, whereas the solvents 

that can dissolve higher MW fractions, such as THF and acetone, 

can also dissolve lower MW fractions. Reasons for this 

phenomenon are related to the chemical structure of the lignin 

fractions and will be discussed in the next section.  

 

Table 1 Lignin fractionation results including molecular weight of each fraction 

after acetylation measured by gel-permeation chromatography (Mn: Number-

average molecular weight; Mw: Weight-average molecular weight, PDI: 

polydispersity index). 

Fraction Mn (Da) Mw (Da) Mw/Mn (PDI) 

TAE-Frac 1200 5600 4.66 

AE-Frac 1200 3400 2.83 

E-Frac 800 1400 1.75 

A-Frac 1600 4000 2.5 

T-Frac 5500 13000 2.36 

 

 

  

 

 

 

Fig. 4   Percentage yield of KL distributed in each fraction by mass percent. The first 

column (left) represents the completely separated fractions of KL extracted through 

solvent fractionation. The middle and right columns are representative of combined 

lignin fractions by dissolving KL in acetone (AE-Frac) and THF (TAE-Frac), respectively. 

Fig. 5  Molecular weight distribution curves of each lignin fraction with the intensity 

normalized to 1 as measured  by GPC. Higher molecular weight molecules elute first, 

whereas lower retention time corresponds to higher molecular weight.   
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NMR Analysis of Solvent Fractionated Kraft Lignin 

Table 2 Hydroxyl content of kraft lignin fractions by 31P NMR calculated as mmol/g of solid. The polarity of the organic solvent used to dissolve each fraction relative to water is listed 

as a reference value. C5-substitued-OH can be either 5-5 biphenyl structure or -5 condensed G-unit. C5-free-OH contains a hydrogen in the C5 position. Finally, H-OH phenolic is 

the C5 and C3 free phenolic-OH. 

Hydroxyl Group  TAE-Frac AE-Frac E-Frac A-Frac T-Frac 

Aliphatic OH  1.93 1.41 1.41 1.51 2.04 

Total Phenolic OH  4.47 4.54 4.98 4.45 3.01 

       C5-substituted-OH 1.98 1.93 2.03 2.08 1.48 

       C5-Free-OH 2.14 2.25 2.57 2.03 1.27 

       H-OH 0.36 0.35 0.38 0.34 0.26 

COOH  0.62 0.62 0.60 0.51 0.37 

Total OH 7.03 6.30 6.99 6.47 5.42 

Solvent THF Acetone Ethanol Acetone THF 

      Rel. Polarity of Solvent37 0.225 0.355 0.654 0.355 0.225 

      Boiling Point (°C) 6638 5639 7840 5639 6638 

The solubility of KL fractions in organic solvents is 

dependent on the strength of interactions between the solute 

and solvent. For this reason, it was necessary to understand the 

chemical structure of the lignin fractions. 31P NMR is a useful 

technique for identifying the hydroxyl content of lignins, which 

can then be related to the overall hydrophilicity or 

hydrophobicity of the sample. Table 2 describes the breakdown 

of hydroxyl groups present in each KL fraction.  

In lignin, a higher hydroxyl content, notably phenolic 

hydroxyls, corresponds to higher hydrophilicity of the lignin 

molecule.28 Due to their more acidic nature, the phenolic 

hydroxyl content (pKa~10) and carboxyl group (pKa~4) content 

will contribute more to the overall hydrophilicity of KL than the 

aliphatic hydroxyl groups (pKa~17).41 Table 2 illustrates that 

ethanol is only able to dissolve the most hydrophilic lignin 

species (E-Frac), as evidence by the higher total hydroxyl 

content, whereas acetone soluble lignin fractions contain  

intermediate hydrophilicity (A-Frac) as well as high hydrophilic 

fractions (AE-Frac). THF can dissolve all KL species (TAE-Frac), 

including the most hydrophobic fractions (T-Frac) present in the 

sample (see Table 2). The higher polarity of the solvent 

precludes the dissolution of only more hydrophobic KL 

fractions, whereas lower polarity solvents (THF) are less 

selective in which KL fractions they may dissolve. This is due to 

the overall hydrophobic nature of KL, derived from its aromatic 

character.28 While KL contains hydrophilic moieties, such as 

hydroxyl or carboxyl groups, the non-polarity of the KL remains 

significant.  

Combining the results from both GPC and NMR analysis, a 

few conclusions can be made. First, KL can be fractionated using 

different organic solvents of varying polarity. More importantly, 

a smaller MW KL fraction, such as E-Frac, is related to a more 

hydrophilic character. In contrast, a larger molecular weight 

fraction, such as T-Frac, is related to a more hydrophobic 

character, (see Fig. 6). High polarity water-miscible solvents 

limits dissolution to lower MW, more hydrophilic lignin 

fractions, whereas lower polarity water-miscible solvents are 

less selective. These results are important when precipitating KL 

in a highly polar antisolvent such as water. In virtue of green 

chemistry principles and commercial scale-up of LP synthesis, 

acetone has the advantages for processing lignin due to the 

lower boiling point compared to ethanol and relatively low 

toxicity compared to THF. 

 

Fractionation Effects on Lignin Particle Formation 

The precursor soluble lignin fractions can be precipitated 

quickly into colloidal suspensions using water as an excess 

antisolvent. The effect of the KL fraction’s chemical structure 

and molecular weight distribution on particle formation and 

colloidal behavior in aqueous suspensions is described here.  

 

Fig. 6 Average particle diameter (δ), weight average MW, and phenolic hydroxyl content 

for 1) E-LPs, 2) AE-LPs, 3) A-LPs, 4) TAE-LPs, and 5) T-LPs at a precursor lignin solution 

concentration of 5 g/L. Error bars are smaller than the size of the icons. Standard 

deviation of particle diameters were < 10 nm. 
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The relationship between the average particle diameter (δ) 

measured using DLS, MW, and phenolic hydroxyl content for 

each lignin fraction is presented in Fig. 6. The LPs were 

precipitated from a precursor lignin concentration of 5 g/L. The 

phenolic hydroxyl content is reported in Fig. 6 rather than the 

total hydroxyl content because it is more likely representative 

of the overall hydrophilicity/hydrophobicity of the lignin 

fractions.28  

Comparing the DLS results for fractionated KL samples, E-LPs 

have the largest δ (136 nm) and lowest average MW, whereas 

A-LPs (81 nm) and T-LPs (82 nm) are significantly smaller at a 

given lignin concentration despite having a higher average MW 

(Fig. 6). The LPs formed from the combined lignin fractions, TAE-

LPs (108 nm) and AE-LPS (95 nm), exhibit an intermediate δ and 

phenolic hydroxyl contents relative to the particles formed from 

the individual lignin fractions that constitute them. The phenolic 

hydroxyl content and δ follow very similar trends with 

increasing weight-average MW of the KL fractions, indicating 

both the chemical composition/hydrophilicity and the MW of 

lignin molecules contribute to the nucleation and growth of the 

LPs. 

 

 

Fig. 7 a) TEM images of E-LPs, A-LPs, and T-LPs formed from the three separate lignin fractions, E-Frac, A-Frac, and T-Frac at an initial lignin concentration of 5 g/L. b) TEM images 

of AE-LPs and TAE-LPs formed from the combined lignin fractions, AE-Frac and TAE-Frac. c) Proposed mechanism of lignin particle nucleation and particle swelling. i) T-LP and A-LP 

nucleation of higher MW species followed by adsorption particle growth. ii) E-LP nucleation followed by adsorptive growth and particle swelling by means of osmosis. iii) TAE-LP 

and AE-LP nucleation of high MW lignin followed by particle growth by adsorption of lower MW lignin.  Top row of TEM images scale bars = 500 nm and bottom row of TEM images 

= 100 nm. 
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Since DLS measures the hydrodynamic radius of particles in 

an aqueous medium, the particle diameters reported do not 

reflect particle shape. Thus, it was necessary to image the 

particle shape/morphologies using TEM. The TEM images for 

the individual lignin fractions and combined lignin fractions are 

shown in Fig. 7a-b. The TEM images can help explain the 

discrepancies in δ between each lignin fraction.  

The terminology related to the interactions and 

destabilization of colloidal particles is often misused and should 

be properly defined in the context of this work. Particle 

aggregation (or agglomeration) is the adherence of individual 

particles with discrete particle boundaries and is typically a 

reversible process.42 Conversely, coalescence and Ostwald 

ripening are irreversible processes that result in the 

disappearance of particle boundaries for the purpose of 

minimizing surface free energies, stabilizing otherwise unstable 

lyophobic particles.43,44 However, coalescence and Ostwald 

ripening differ in their mass transfer mechanism. Coalescence 

occurs once unstable particles have collided, whereas Ostwald 

ripening involves the dissolution of surface-present molecules 

of smaller particles and the subsequent adsorption of such 

molecules on larger particles.43,44 It is worth noting a more 

hydrophilic particle favors Ostwald ripening in aqueous 

systems, due to greater solubility.45 In the case of LPs it is 

difficult to distinguish for certain whether Ostwald ripening or 

coalescence is the mode of action, therefore the two terms will 

be hereby referred to as particle fusion.  

As shown in Fig. 7a, A-LPs have a well-developed spherical 

morphology, with similar homogeneity and size as reported 

elsewhere.22,24,46 In the case of T-LPs, the particles appear to be 

much smaller than A-LPs as evidenced by TEM imaging (Fig. 7a), 

yet the DLS results report very similar δ’s, 82 nm and 81 nm 

respectively (see Fig. 6). This could likely be due to the increased 

degree of aggregation and particle fusion present in the T-LP 

sample compared to A-LPs. These larger aggregates resemble 

diameters similar to the A-LPs (see Fig. 7a).  

The smaller individual particle sizes of T-LPs depicted in Fig. 

7a is perhaps due to the more hydrophobic character. The 

higher hydrophobicity leads to a lower supersaturation 

concentration, thus favoring nucleation over growth, yielding a 

large number of smaller particles.47,48 The increased propensity 

for T-LPs to fuse and aggregate can be attributed to the higher 

hydrophobicity. Hydrophobicity at the nanoscale increases the 

degree of entropic aggregation, as described by the 

hydrophobic effect, as well as the tendency to reduce the 

overall surface free energy in aqueous suspensions.34,49 The 

reduction of surface free energy by particle fusion will be 

discussed further in the next section. 

In the case of E-LPs, the TEM images suggest the more 

hydrophilic lignin fractions form soft, metastable, semi-solid 

particles in the aqueous medium (see Fig. 7a). These particles 

will readily deform and fuse upon collisions with other particles. 

The lack of hydrophobic forces necessary for phase separation 

can lead to diffusion of water into the particle structure (particle 

swelling) and deformation of the LP.   

The LPs formed from the combined lignin fractions, TAE-LPs 

and AE-LPS, may elucidate the effect of MW and MW 

distribution on particle size. The TEM images in Fig. 7b suggest 

the TAE-LPs have a larger particle size distribution and δ than 

AE-LPs. This can be attributed to the higher polydispersity of 

TAE-Frac compared to AE-Frac. Kinetically, since nucleation is 

highly dependent on the supersaturation condition, the 

nucleation of hydrophobic, high MW lignin molecules rapidly 

reduces the concentration of supersaturated lignin molecules. 

This results in a larger population of lower MW lignin molecules 

involved in particle growth.48,50 This rationale is consistent when 

comparing the δ and TEM images of A-LPs and AE-LPs. In this 

comparison, the lignin molecules that form the initial nuclei are 

composed of the same MW and chemical compostion, following 

the aforementioned nucleation mechanism. Therefore, given 

the same lignin mass, the AE-LPs will contain less lignin 

molecules that can participate in a nucleation and more lignin 

molecules that will participate in growth. Thus, greater 

polydispersity in the lignin sample will lead to less nucleation 

and more growth.   

 Fig. 7c illustrates the proposed particle swelling mechanism 

of LPs. Two cases are depicted in Fig. 7c: i) the more 

hydrophobic, high MW fractions of KL, represented by T-Frac 

and A-Frac, nucleate and grow into compact hydrophobic 

particles, ii) the particles formed from the more hydrophilic, low 

MW fractions of KL swell by osmosis through the particle’s 

surface, driven by stronger interactions of the lignin species 

with water, representative of E- LPs, and iii) the particles formed 

from the combined lignin fractions, TAE-Frac and AE-Frac, first 

nucleate the high MW lignin species, followed by  the 

adsorption of lower MW lignin species on the particle surface, 

resulting in a compact hydrophobic core, surrounded by a more 

hydrophilic shell. This swelling mechanism can be supported by 

previous studies in which the porosity of lignin was investigated 

indirectly, where LPs were found to be penetrable by water and 

water-soluble molecules.21,51,52 

 Overall, there seems to be a trade-off between the MW 

distribution and chemical composition of the lignin fractions 

with respect to resulting particle size and aggregation/fusion 

propensity. The chemical composition of the lignin fractions 

used for nanoprecipitation affects the hydrophobicity of the 

LPs. This hydrophobicity can be related to differences in the 

nucleation and growth kinetics, particle aggregation/fusion, and 

particle metastability through partial dissolution in aqueous 

suspensions upon particle collision and/or close proximities. 

Previous studies have found aromatic interactions to be a 

significant contributor to particle formation.30,53 These non-

DLVO interactions between particles are possible but the steric 

strain present between spherical structures will likely prevent 

these close-range interactions from becoming significant. 

Although, it is possible - interactions will contribute to the 

particle growth via coalescence/ripening once particles come 

into contact. The average particle size reported from DLS is less 

useful than TEM when comparing the actual morphologies of 

resulting lignin particles from nanoprecipitation. TEM imaging 

suggests that particle aggregation/fusion, hydrophobic forces, 

and surface free energies of lignin particles must be considered.  
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Concentration Effects on Lignin Particle Formation The size of the LPs measured with DLS was investigated as a 

function of the dissolved lignin concentration (i. e, initial lignin 

concentration) for each of the lignin fractions. In general, as the 

initial lignin concentration decreases, the particle diameter 

decreases as well in the linear region (see Fig. 8). The general 

trend can be attributed to less lignin molecules present per unit 

volume participating in nucleation and growth. The lignin 

particles likely follow the nucleation and growth mechanism 

proposed by La Mer et al.50 This mechanism involves the burst 

nucleation of supersaturated hydrophobic molecules yielding a 

constant number of nuclei at a minimum particle size.23,48,50 The 

supersaturation condition necessary for burst nucleation 

quickly subsides after the precipitation of suspended particles. 

The excess lignin molecules not involved in nucleation possess 

a very high surface energy in the aqueous medium from their 

overall hydrophobic character, and readily adsorb to the formed 

lignin nuclei.48,50 The increase in size with increasing lignin 

concentration is due to the growth of the particles via 

adsorption of lignin molecules to the initially formed nuclei.   

However, when the initial lignin concentration is reduced 

significantly, the apparent particle diameters measured via DLS 

are much larger after precipitation, as evidenced by Fig. 8.  This 

phenomenon has also been observed in similar studies.22,23,48 

The concentration at which this occurs can be referred to as the 

critical concentration, C0. This phenomenon is consistent for 

each lignin fraction in the concentration ranges studied, with 

the exception of A-LPs, but occurs at different concentrations of 

lignin in solution. The C0 is the highest in T-LPs and TAE-LPs and 

lowest with E-LPs and AE-LPs (Table 3). A-LPs did not exhibit a 

C0 from the concentrations measured (0.5 – 10 g/L).   

Table 3 Critical initial lignin concentration (C0) and resulting average particle diameters 

measured by DLS for each solvent system. 

  C0 (g/L) Particle Diameter (nm) 

TAE-LP 3.0 90 

E-LP 1.0 65 

A-LP N/A 50 

T-LP 3.0 70 

AE-LP 1.0 56 

 

This phenomenon can be further exemplified by Fig. 9, 

where the particle size distribution of T-LPs, measured by DLS, 

above and below C0 is depicted. For T-LPs, C0 was 3 g/L, where 

initial lignin concentrations below C0 result in the appearance of 

a peak at much larger particle sizes (~10x). As the precursor 

lignin concentration is reduced below C0, the first peak (left), 

representative of dispersed individual particles, decreases in 

intensity and shifts left, indicating smaller particle sizes, but at 

a lower abundance. The second peak (right) increases in 

intensity dramatically as the first peak is reduced, indicating the 

presence of either fusion or aggregation of individual particles.  

Fig. 8 Average particle diameter as a function of precursor lignin concentration for TAE-

LPs, E-LPs, A-LPs, T-LPs, and AE-LPs as determined by DLS. TAE-LPs are plotted along with  

the other LP samples for comparison of the average particle diameter over the 

concentration profiles. Error bars are smaller than the size of the icons. Standard 

deviation of particle diameters were < 10 nm. 
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TEM images were taken for T-LPs fabricated at initial lignin 

concentrations above and below C0 (5 g/L and 1 g/L, 

respectively). The TEM images are reported in Fig. 10. 

 

The TEM images suggests extensive aggregation and fusion 

of the particles at lower lignin concentrations in order to 

maximize their thermodynamic stability.54,55 When the lignin 

concentration is reduced significantly, the particles formed are 

much smaller, resulting in a very large surface area to volume 

ratio (S/V, Eq. 4), where R is the particle radius.  

 
𝑆𝑢𝑟𝑓𝑎𝑐𝑒𝐴𝑟𝑒𝑎

𝑉𝑜𝑙𝑢𝑚𝑒
=

4𝜋𝑅2

(
4

3
)𝜋𝑅3

=
3

𝑅
               (4)  

 

Smaller, charged particles, will have a favorable charge-to-

mass ratio over larger particles, normally improving colloidal 

stability. Although, when surface charge remains constant and 

particle size decreases, DLVO theory dictates a lower 

electrostatic repulsive barrier (Fig. 11).56 The high S/V ratio in a 

lyophobic suspension can give rise to a high overall surface free 

energy, eventually leading to particle aggregation and fusion, as 

determined by the Lifshitz-Slyozov-Wagner (LSW) theory.49,55,57–

59  In theory, given enough time, all particles of like-materials 

will eventually form one large particle containing  the entire 

mass of the sample. Although, repulsive forces help resist this 

tendency for all particles to completely fuse. Therefore, the 

stability of the LPs is determined by the trade-off between 

electrostatic repulsive forces and surface free energy. The lignin 

particles formed below C0 will be highly unstable and quickly 

aggregate and fuse upon collisions with nearby larger particles 

(see Fig. 10).  This process enhances the overall thermodynamic 

stability of the suspension, where the surface free energy is 

more favorable for larger particles.55,60  

A kinetic reasoning for larger particle size can also be 

proposed following the previously described mechanism 

proposed by La Mer et al.50 As the lignin concentration drops 

below C0 the supersaturation condition is reduced as well. Thus, 

the amount of lignin that is involved in nucleation is much less 

given that the nucleation rate is mostly dependent on the 

degree of supersaturation.47,48,54 Therefore, growth is favored 

or nucleation. Although this may contribute to an overall larger 

particle size, the TEM images suggest interparticle attraction 

and particle fusion are the dominating factors driving the 

sudden gain in apparent particle diameter measured by DLS 

(see Fig. 10). 

The proposed LP aggregation/fusion mechanism at low 

lignin concentration would also explain why the more 

hydrophobic particles (T-LP, TAE-LPs) have a higher C0 than the 

other more hydrophilic particles (see Table 3). The more 

hydrophilic particles will likely have a lower surface free energy 

due to the increased content of hydroxyl groups present on the 

surface of the particles (Table 2). Interestingly, A-LPs did not 

exhibit a significant increase in particle size from a reduction of 

lignin concentration while the more hydrophilic E-LPs exhibited 

extensive particle size increases (~150%). This could be the 

Fig. 9 Scattered light intensity weighted particle size distribution of T-LPs 

approaching the critical concentration, C0, measured by DLS 

Fig. 11 Energy of interactions between lignin particles following DLVO model 

including electrostatic and Van der Waals interactions. Input parameters are shown 

in the figure legend. Hamaker constant = 1.7 x 1021 J, Ionic strength = 0.001 M,  = 

78.5, -1 = 10 nm. 

Fig. 10 TEM images of T-LPs at an intial lignin concentration of 5 g/L and 1 g/L in THF prior 

to antisolvent addition.  
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result of the E-LPs “soft” particle morphology due to particle 

swelling, where there is a lack of a discrete repulsive 

electrostatic double layer.25 The A-LPs exhibited the best overall 

particle characteristics with respect to small size, morphology, 

stability and homogeneity, derived from the ability to form a 

discrete, compact hydrophobic core while still containing 

enough hydrophilic groups to minimize surface energy.  

 

 

It appears that the LPs are well dispersed at higher 

concentrations for samples including T-LPs and A-LPs but 

aggregate to the point of visible sedimentation at initial lignin 

concentrations above 5 g/L for E-LPs (see Fig. 12a). The 

extensive aggregation was also observed by TEM imaging (Fig. 

12b). As already mentioned, as the content of hydrophilic 

groups present in the lignin fraction is higher, such that as the 

case for E-LPs, possible particle swelling could lead to the 

formation of soft, metastable particles.13,24 This metastability 

could stem from the reduction of the hydrophobic forces 

necessary for complete particle phase separation and stability. 

As the concentration becomes greater, the interparticle 

distances will decrease significantly, where the metastability 

can lead to aggregation. The formation of LPs with more 

hydrophobic behavior remain stable at higher lignin 

concentrations.  

Conclusions 

Synthesis of lignin particles via nanoprecipitation has improved 

significantly in the past years with respect to the spherical 

morphology, homogeneity, and colloidal stability. The results 

shown in this work suggest more is to be understood about the 

effects of chemical composition, MW, particle 

aggregation/fusion propensity, and metastability of LPs.  

It was determined that water-miscible organic solvents can 

be used to effectively fractionate KL into three distinct fractions, 

each with a unique set of chemical and physical properties. Each 

of the separate lignin fractions contained roughly 30% of the 

total KL sample, resulting in an even distribution of the starting 

KL molecules. It was determined that as the polarity of the 

solvent increases, the soluble lignin fraction is more hydrophilic. 

The hydrophilic character of the lignin fraction used likely 

attributes to particle swelling with water and colloidal 

metastability. Increased hydrophobicity of lignin also exhibited 

higher degrees of aggregation of individual particles.    

Additionally, a mechanism was proposed relating to particle 

aggregation/fusion and metastability of LPs at low precursor 

lignin concentrations.  

These results enable a deeper understanding to the factors 

attributing to lignin particle synthesis via a solvent shifting 

method, further elucidating the effect of solvent-lignin-

antisolvent interactions, and lignin concentration. In virtue of 

the application or scale-up of colloidal lignin particle synthesis, 

the effects of organic solvents may become significant with 

respect to green chemistry principles, cost, particle stability, 

and biocompatibility. It was concluded that the particle formed 

from A-Frac is most likely the best option from the solvents 

studied for the solvent shifting process, when homogeneity, 

small size, and morphology are of interest. This is due to the 

favorable equilibrium between the hydrophobicity and 

hydrophilicity of the lignin fraction leading to a relatively low 

surface free energy but also a compact hydrophobic core when 

transformed into a spherical nanoparticle. Additionally, when 

considering green chemistry principles, acetone will allow for a 

lower energy demand during solvent removal compared to 

ethanol, as well as lower toxicity and hazards typically 

associated with THF.  
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