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Abstract 

Lignin nanoparticles (LNPs) have gained great interest for a promising renewable 

nanomaterial toward value-added applications. This work investigated solution chemistry and 

particle-particle interaction force in the LNP formation aiming at a facile technique to balance 

amphiphilic properties of lignin for size-controlled synthesis. By facilely tuning solution 

chemistry, lignin with different amphiphilic properties can form the nanoparticles with 57-262 

nm and dispersity index (Đ) less than 0.2 at an initial lignin concentration of 10-80 g/L. A 

numerical estimation of particle size was established with Derjaguin-Landau-Verwey-

Overbeek’s (DLVO) theory and population balance equation (PBE) to evaluate the interaction 

energy of particles as the function of solution chemistry and lignin properties. In the developed 

DLVO-PBE model, lignin properties such as molecular weights and content of functional 

groups are closely related to the repulsive energy calculation in the particle collision and further 

determine the assembly patterns. The model can be applied to lignin with varied properties 

with high prediction accuracy, especially in the DLVO forces-driven aggregation. It also 

suggests that solvated lignin chains can involve the uneven electrostatic force field and non-
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DLVO forces leading to a broad/multi-modal size distribution. Overall, the combination of 

experimental and theoretical investigations provides new insights into assembly mechanisms 

of lignin molecules involved in the formation of nano-/submicron particles.

Keywords:  Lignin nanoparticles, DLVO forces, population balance modeling, amphiphilic 

balance, self-assembly

1. Introduction

Lignin is a naturally occurring aromatic polymer with abundant functional groups, 

possessing attributes such as anti-UV, antioxidant, and antimicrobial activities. Despite great 

potential for broader applications, its inherent heterogeneity and poor solubility in aqueous 

solutions limit its overall effectiveness in higher value-added uses. Engineering lignin into 

nano- or sub-micrometer particles would potentially address those limitations especially by 

offering additional molecular interactions capabilities.1 For example, engineered nanoparticles 

would exhibit improved stability due to enhanced π-π stacking interactions and also engage in 

selective interactions with external molecules, being facilitated by increased surface 

hydrophilicity and electrostatic forces.2, 3 Organic fractionation or surface functionalization can 

lead to lignin with modified chemistry such as hydrophilicity/hydrophobicity yielding LNPs 

with desired attributes.4, 5 Lignin nanoparticles (LNPs) have relatively uniform particle sizes 

ranging from 20 to several hundred nanometers and can be achieved via self-assembly of 

lignin.6 LNPs as natural nanomaterials become a promising candidate for drug carriers, UV 

blockers, Pickering emulsion stabilizers, etc., and have found uses in biomedical, agricultural, 

and environmental fields.7, 8 For example, incorporating LNPs especially with smaller sizes 

into functional materials can improve antibacterial activities. Technical lignin, such as kraft 

lignin (KL) and organosolv lignin (OL),9-11 has been used for LNP synthesis due to commercial 

availability and low cost. Antisolvent method is classically adopted to trigger the nucleation-
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growth/adsorption of lignin for self-assembly.11-14 LNP properties, especially particle size and 

morphology, depend on several key factors including  lignin chemistry,15-18 solvent type,19 

antisolvent mixing rate,20 and initial lignin concentration.21 Thus, it is important to elucidate 

the process-structure relationship of lignin assembly for tailoring morphology and size of LNPs 

suited to various applications including emerging areas like drug delivery and soft materials in 

physiological systems. 

Molecular interactions involved in lignin self-assembly are largely determined by 

hydrophilic (e.g., hydroxyl and carboxyl groups) and hydrophobic (e.g., aromatic, acetylated) 

groups in lignin. Prior studies in LNP formation focused on lignin property-orientated 

mechanisms. For example, lignin with high molecular weights but low contents of hydrophilic 

groups would result in small nanoparticles due to low lignin-water interactions.22 Besides, low 

phenolic hydroxyl and high aliphatic groups are also reported as contributing factors for small 

particles sizes.13, 17 Electrostatic forces are essential to overcome attractive interactions and 

slow down the particle growth. The aggregation kinetics driven by interaction energy would 

eventually determine the size profile of polymer aggregation.23 Therefore, it is important to 

study the effects of lignin chemistry on LNPs synthesis because it can fundamentally determine 

interaction forces between lignin chains. Recently, lignin valorization involving fractionation, 

depolymerization, and/or functionalization have also been extensive studied, and the involved 

mechanisms and kinetics also elucidated.24-27 Those valorization approaches can be integrated 

with LNP production by endowing lignin with new functionality or amphiphilic balance 

offering a more powerful platform for property-tailorable LNPs synthesis. To this end, it is 

crucial to study lignin chemistry and its relation to lignin self-assembly kinetics and subsequent 

properties including nanoparticle size. Therefore, the research in this regard represents a critical 

area of focus for promoting the mass production of LNPs with desired attributes for 

downstream valorization.
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Lignin self-assembly mechanisms previously reported are mainly based on the 

assumption that lignin properties especially initial structures govern its assembly behavior 

upon antisolvent (mostly water) addition. However, this assumption neglects possible 

antisolvent effects on lignin molecular interactions, and an explicit connection between initial 

conditions and aggregation termination remain unclear. To fill this gap, we hypothesized that 

size-tailoring can be achieved via rearranging surface hydrophilic groups of lignin during the 

assembly, to be specific, tunning the chemistry of solution where lignin aggregation takes place. 

When the well-defined nanospheres are formed, it requires strong π-π stacking to stabilize the 

hydrophobic core and sufficient repulsive force to prevent further aggregation.28 The mutual 

factors of molecular interactions and repulsive forces are ionizable hydrophilic groups (i.e., 

phenolic hydroxyl and carboxyl groups) in lignin. The ionization of those hydrophilic groups 

can not only provide more negative charges but also interrupt molecular interactions and 

rearrange surface hydrophilic groups, ultimately lignin structures. Controlling hydrophilic 

groups’ ionization would thus provide a potential strategy to synthesize nanoparticles from 

lignin with more hydrophobicity or in high concentration where lignin tends to aggregate fast.  

A precise size-tailoring platform can be achieved via coupling 

theoretical/computational modeling with experiments. Few prediction models for particle sizes 

of soft materials have been developed based on a self-consistent field theory combined with 

density functional theory or data-driven modeling.29, 30 Prior studies proposed the plausible 

relationship between lignin properties and LNPs size qualitatively,4, 13, 17, 19, 31, 32 but did not 

provide a numerical size estimation method. The challenge of modeling lignin in the prior 

studies lies in its complex structure. For example, various functional groups and randomly 

entangled chains with electrostatic effects between or within chains can introduce additional 

complexity compared to polymer with repetitive units or defined chemical structures. Since 

repulsive forces are key to reduce aggregation, its calculation based on the ionizable group 
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content of lignin can advance the understanding of effects of lignin properties on particle sizes. 

Herein, we first investigated the LNP formation based on the Derjaguin-Landau-Verwey-

Overbeek’s (DLVO) theory for the interactions in colloidal dispersions,33 with the assumption 

that each lignin chain can be approximated as a spherical particle due to self-aggregation of 

hydrophobic part. Once one LNP attaches with another, the LNPs can become nucleated and 

grown. The modeling of DLVO for LNPs provides their energetics quantitatively by a delicate 

balance/correlation between van der Waals and electrostatic forces which are influenced by 

detailed chemical physics at a molecular level.33, 34 In the meantime, the energetic studies 

(DLVO) can expand to the kinetics of LNP growth mechanisms by incorporating von 

Smoluchowski’s population balance equation (PBE).35 Since the effects of detailed chemical 

physics are correlated with the integrated DLVO and PBE (DLVO-PBE), the self-consistency 

can be established via the coupling of theoretical calculations with experimentation.36-38

In this study, we first quantified the chemical structures of lignin (with emphasis on the 

ionizable groups like phenolic hydroxyl and carboxyl groups) and molecular weight and 

revealed their effects on particle size distribution. Solution chemistry was adjusted under weak 

acid/base conditions and at different salt concentrations for LNP synthesis. The DLVO-PBE 

model was then developed to understand growth mechanisms of LNPs according to lignin 

characteristics and solution chemistry. The developed model was applied to demonstrate 

energy barrier change and predict particle size distribution under different conditions including 

initial lignin concentrations, solution pH, and salt concentrations. We proposed that surface 

ionizable group density (especially carboxyl groups) is the critical parameter to determine the 

involvement of lignin chains and is highly affected by the LNP synthesis methods and LNPs 

themselves. The solution chemistry tuned by formulating the antisolvent changes lignin 

structure and the availability of surface ionizable groups, which can be applied to all the studied 

lignin types. To the best of our knowledge, this work was for the first time to establish the 
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energy profile of the lignin particle-particle interactions and further apply it to the size 

prediction.

2. Synthesis of lignin nanoparticles

LNPs were formed by rapidly mixing a freshly prepared antisolvent with lignin solution 

at 3:1 mass ratio with vigorous agitation at room temperature for 15 min. Lignin solution was 

prepared by dissolving a lignin sample at 10-60 g/L in 68% aqueous acetone solution. 

Antisolvent with pH 5-8.5 and 0-50 mM salt/electrolyte was prepared using either ammonium 

chloride (NH4Cl) or ammonium bicarbonate (NH4HCO3). The suspension was transferred to a 

dialysis bag (MWCO 14000, Fisher Scientific (Waltham, MA)) and washed in deionized (DI) 

water to remove residual acetone and inorganic salts. The particles were measured at 48 h after 

assembly. The characterization of LNPs was described in Supporting Information.

3. Theoretical calculations in DLVO-PBE model

Lignin–lignin interaction forces can be described quantitatively by the DLVO theory. 

In this theory, the interaction forces ( ) is contributed by attractive van der Waal forces 𝐹𝐷𝐿𝑉𝑂

(FvdW)39 and repulsive electrostatic force (Felec ):40

𝐹𝐷𝐿𝑉𝑂 = 𝐹𝑣𝑑𝑊 + 𝐹𝑒𝑙𝑒𝑐#(1)#

We first calculated the DLVO forces for the interaction between two plates (denoted as 

) using eq 2 and 3. It should be noted that eq 3 originates from a charge-regulation model 𝐹𝑃𝑃

by Ninham and Parsegian 41 which is the combination of the non-linear Poisson-Boltzmann 

equation and the fraction of dissociated ionizable surface groups.

𝐹𝑣𝑑𝑊
𝑃𝑃 = ―

𝐴𝐻

6𝜋𝐷3 #(2)

D is the distance between two plates.  ( ) is the Hamaker constant of lignin-water-𝐴𝐻 = 17 𝑧𝐽

lignin determined by Lifshitz theory.34
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𝐹𝑒𝑙𝑒𝑐
𝑃𝑃 = 𝑛𝑘𝐵𝑇[𝜉 ― 1 + (1

𝜉 ― 1)(1 ―
𝜂
2) +

( 1
𝜉2 ― 2)𝜂

2 ]#(3)

Where n is the number of total anions,  is the Boltzmann constant and T (=298 K) is ambient 𝑘𝐵

temperature. For a negatively charged surface, when only monovalent cations are present, 

 and if only divalent cations are included, . as the reduced potential at the center 𝜂 = 0, 𝜂 = 1 𝜉 

between two plates is the function of the area per surface ionizable group (S), dissociation 

constant of ionizable group (H), solution pH, Debye length (κ) (more details included in 

Supporting Information). 

The particle-particle interaction force and energy calculation can be obtained via 

applying the Derjaguin approximation numerically 42 on the plate-plate interaction energy 

calculation. The PBE was further determined as the difference between the numbers of the 

newly generated particles and particles consumed in the aggregation toward larger 

particles:37, 38, 43

𝑑𝑛𝑘

𝑑𝑡 =
1
2 ∑

𝑖 + 𝑗 = 𝑘
𝛽𝑖𝑗𝑛𝑖𝑛𝑗 ― 𝑛𝑘

∞

∑
𝑖 = 1

𝛽𝑖𝑘𝑛𝑖#(4)

Where  is an aggregation kernel which is related to the energy profile of the particle-particle 𝛽𝑖𝑗

interaction calculated above (more details included in Supporting Information). 

4. Results and Discussion

4.1. Effects of lignin properties on the LNP formation

Lignin properties, mainly ionizable functional groups and molecular weights, were 

studied for their effects on the LNP formation. Three types of lignin (i.e., kraft lignin (KL), 

organosolv lignin (OL), and ethanol soluble lignin (EKL)), which are commonly reported as 

starting materials for value-added lignin application,44 were studied covering a reasonable 

range of ionizable functional group contents and molecular weight distributions. As 
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summarized in Table 1, KL had 14% and 41% higher phenolic groups than OL and EKL, 

respectively. The carboxyl group content followed the order of KL < EKL < OL, while the 

phenolic hydroxyl group content had the opposite. All the three lignin samples had higher 

phenolic hydroxyl groups than the carboxyl groups and showed more variations in the number 

of phenolic hydroxyl groups (~1) than that of aliphatic hydroxyl groups. For molecular weight 

distribution, KL had 27% and 51% bigger Mw than OL and EKL.

In addition to 31P NMR analysis, the ionization UV difference method was also used to 

further quantify phenolic hydroxyl groups including uncondensed-unconjugated (Type Ⅰ), 

uncondensed-conjugated (Type II), condensed-unconjugated (Type Ⅲ), and condensed-

conjugated (Type Ⅳ) (Fig. 1a and b). Type Ⅰ and Ⅱ are ionizable under weak base conditions 

with a medium pKa of 9.85-10.27 and a relatively low pKa of 7.5-8.5, respectively.45 Partial 

ionization of phenolic hydroxyl groups (Type I&II) was demonstrated using 20 mM NH4HCO3 

(detailed in Supporting Information). The results indicated the relation between partial 

ionization of phenolic hydroxyl groups and lignin structure. For example, an extended structure 

increases the availability of ionizable groups on the particle surface, which contributes to 

negatively charged surface of LNPs. Meanwhile, the ionization of phenolic hydroxyl groups 

interrupts the hydrophobic interaction and hydrogen bonding in lignin, leading to the 

modification of lignin structure. 

Both weak base and weak acid conditions (e.g., water as antisolvent) can trigger the 

lignin aggregation. Different pH can influence the ionization of hydrophilic groups (carboxyl 

and Type I and II phenolic hydroxyl groups), which further alters the assembly behavior of 

lignin molecules. The tuning effect of weak base conditions also reflects on the changes in the 

Felec of the particles endowed by the surface ionizable groups. Herein, DLVO force calculation 

was performed to evaluate the contribution of carboxyl and phenolic hydroxyl groups to the 

Felec. Within a pH range of 3-8, the low dissociation constants of phenolic hydroxyl groups 
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(pKa = 7.5 or 10.2) suggest a considerably low amount of such functional groups being ionized 

compared to carboxyl groups. It can be expected that phenolic hydroxyl groups cannot 

contribute much to the repulsive force in particle-particle interactions. The particle-particle 

interaction energy profile at different pH proved the main contribution by carboxyl groups in 

total energy (Fig. S4, as detailed in supporting information). It is validated that the energy 

depth is mainly attributed to the carboxyl groups while the additional phenolic hydroxyl groups 

would only increase the Felec by a small quantity. For example, at pH 5.3, the energy depth 

difference between the calculations with or without the inclusion of phenolic hydroxyl groups 

is only 2.71 kT (Fig. S4b). This finding indicated that the carboxyl groups of lignin played a 

major role in the determination of electrostatic force, as previously reported.46

Lignin molecular weight also had significant effects on the LNP size under the same 

solution chemistry condition. A negative relation between Mw and LNP size was revealed (Fig. 

1c), which agrees with earlier reports that high molecular weight lignin tends to form small 

nanoparticles.13, 17 Higher molecular weight fragments ensure the electrostatic stabilization of 

the particles with additional repulsion through the interaction of the interpenetrating charged 

fragments.47 The resulting aggregates thus consume less lignin chains, forming a small and 

compact structure. 

4.2. LNP size regulation via antisolvent formulation

We focused on the solution chemistry (pH, salt concentration), initial lignin 

concentration, and lignin property/lignin type for their effects on the LNP formation as those 

three key experimental factors would determine the particle-particle interaction energy and 

ultimately LNP size (Fig. 2). The ionizable groups in lignin, including carboxyl groups (pKa = 

4.8) 48 and two types of phenolic hydroxyl groups (Type I at pKa = 7.5-8.5 and Type II at pKa 

= 9.85-10.27), can all contribute to the repulsive forces in the particle collision. In the 

interaction between two negatively charged particles, the initial lignin concentration (cinit) 

Page 9 of 29 Green Chemistry



10

corresponds to the initial separation distance (Daverage) of lignin chains, and the salt 

concentration relates to the Debye length (κ) of the negatively charged groups. The calculated 

Daverage and κ are included in Supporting Information, and the ratio Daverage/κ and κ used for 

LNP size analysis are referred to cinit and salt concentration, respectively. It can provide a better 

connection between the energy profile and particle growth. It should be noted that the final pH 

of the mixture is determined by both formulated antisolvent and lignin initial concentration 

(Fig. S1). A weak acid assembly can be simply achieved when DI water is antisolvent and the 

final pH reduces due to the ionization of lignin functional groups. To further study the salt 

concentration effect at weak acid condition, 0-13 mM NH4Cl was added in the antisolvent.  

KL, OL, and EKL were used in LNP synthesis via directly mixing lignin solution at 10 g/L cinit 

with DI water. KL stood out with the uniform and smallest size (55.93 nm) as revealed by TEM 

images (Fig. 3a and b), while OL/EKL formed oval/gourd and irregular micron-particles (Fig. 

S5). The LNP size of KL further decreased then increased as cinit increased from 1 to 50 g/L 

(corresponding to the separation distance from 28 to 3.5 nm) (Fig. 4a). The large particles were 

formed in the lowest concentration as the tendency of minimizing the surface free energy 

overcomes the repulsive electrostatic force.13 A negative exponential relation between Debye 

length (κ from 30.7 to 2.7 nm) and particle size was observed while keeping the initial 

separation distance the same (Fig. 4b). Particle size distribution with low dispersity index (Đ) 

was observed in most cases under weak acid conditions (Fig. S7a and b).

The shift from weak acid to weak base condition with NH4HCO3 solution as the 

antisolvent led to a different scenario of assembly. All the three lignin types can form spherical 

particles (Fig. 3b-d). Interestingly, the small pores were formed in OL-NPs (insert in Fig. 3c) 

but not in KL-NPs or EKL-NPs. KL-NPs at 10 g/L cinit were mainly aggregates with no well-

defined shells (Fig. S6). The obtained nanoparticles have low Đ (<0.2) following the order of 

KL < EKL < OL at the same cinit except KL-NPs at cinit below 20 g/L (Fig. 4c‒e). The particle 
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sizes have a positive linear relation with cinit (Fig. 4d and e), and at the same cinit the particles 

synthesized under weak base condition are smaller than the particles obtained under weak acid 

condition. ζ potential of the synthesized particles was also measured after removing NH4HCO3 

via dialysis (Fig. 4f). Surprisingly, the most negatively charged/most stable particles can be 

obtained even at 30-60 g/L cinit. The change in the salt concentration (corresponding to Debye 

length) resulted in two size distribution profiles of KL-NPs. At 10 g/L cinit, the multi-

modal/broad distribution (Đ > 0.3) was observed at ≥5 mM NH4HCO3 (Fig. 4c). At 20 g/L cinit, 

the monodisperse particles (Đ < 0.2) were obtained with at the closer separation distances 

except at a very high salt concentration (500 mM) (Fig. S7c and d). 

Based on the LNP size distributions under different conditions, it can be concluded the 

structure of lignin chains initially defined by their own chemistry can be further modified by 

solution chemistry, which in turn governs the assembly pattern of lignin chains and final 

particle size. When the chain attachment reached equilibrium with sufficient Felec, it prevented 

further aggregation of particles, resulting in smaller sizes. The screening effect of electrolyte 

predominates the aggregation in weak acid condition but only plays a minor role in weak base 

conditions.

4.3. DLVO-PBE modeling of collision-driven lignin aggregation

We further employed the DLVO theory-based colloidal dispersion approaches to 

elucidate lignin assembly. It is our hypothesis that the particle size could be stabilized 

energetically, which can be determined by the balanced colloidal dispersion forces (including 

van der Waals force (FvdW) and electrostatic repulsion force (Felec), eq 1) and Brownian motions 

(FBr). There are two main assumptions for modeling that (1) an individual lignin chain or 

nanoparticle assembled with >2 lignin chains per LNP can be considered as a colloidal particle 

and (2) the growth of LNPs can occur by particle-particle attachments. 

  We first examined the energy barrier of interaction of two spherical particles at 
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different densities of carboxyl groups (inverse of area per ionizable groups), particle size, and 

size ratios between two particles (Fig. 5a and b). The content ratio of phenolic hydroxyl to 

carboxyl groups, in a particular lignin, was assumed constant in the following calculations. 

Thus, only the area per carboxyl group (SCOOH) in a particle was presented. When the spherical 

particle size maintains same (with a radius of 24 nm applied here as an example), the energy 

depth decreases exponentially as SCOOH increases from 0.086 to 4.34 nm2/ion, and attachments 

of equal-sized particles would be dominated with almost half of the energy barrier for the 

particles having different sizes (Fig. 5a). The selected SCOOH range in Fig. 5b aims to show the 

overall trend of the energy depth. Repulsive force increases along with the growth of particles, 

which can play a crucial role in stabilizing assembled LNP at a certain diameter. The Brownian 

motion distribution for the particles with a radius of 24 nm was shown in Fig. 5c. Depending 

on the surface ionizable group contents, Brownian motion can overcome the energy barrier 

leading to the particle attachment. It can also dominate the attachment when the particle radius 

is smaller than 5 nm with the relatively shallow energy barrier (absolute value < 20 kT) (Insert 

of Fig. 5b).

It is essential to have strong Felec for the particles to prevent further aggregation to 

maintain small sizes. The screening effect of 0.1-13 mM NH4Cl can counteract the repulsive 

barrier of the LNPs, leading to the formation of larger particles. To maintain their stability in 

an aqueous phase, the lignin particles tend to grow larger and larger until they become 

energetically stable. In another words, the DLVO forces (the sum of FvdW and Felec) against 

attachments of lignin can be largely influenced by the electrolyte concentration, and a relatively 

low force barrier led to increased particle sizes. Therefore, the exponential relations between 

the hydrodynamic diameter and NH4Cl electrolyte concentrations (Fig. 4b) are aligned with 

Felec ~ e-κ, where Daverage/κ ranges from 0.06 to 0.69. 

It is concluded based on experiments that salt concentration, pH and lignin types are 
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the decisive factors to desolvation effect. Because lignin structure changed corresponding to 

the desolvation degree,49 it is expected that the ionizable groups content on the lignin surface 

vary in different pH and lignin types. Under the weak acid condition (pH 2.97-5.25), the SCOOH 

of KL and OL is estimated to be 87.87 and 136.19 Å2/ion, respectively, as detailed in 

Supporting Information. A reasonable agreement was achieved for both types of lignin (Fig. 

6a and b) with the relative errors between 10 to 30 % when the particle size is above 50 nm at 

an appropriate range of initial lignin concentration. For example, the particle size of LNP 

dispersed in DI water was predicated to be 57.5 nm (corresponding to 39.9 nm measured) for 

KL at cinit = 3 g/L (Fig. 6a) and 70.8 nm (corresponding to 64.9 nm measured) for OL at cinit = 

1 g/L (Fig. 6b).

Under the weak base conditions (pH7-8.3), the predicted particle sizes tend to be 

smaller regardless of the initial lignin concentration due to substantially improved dissociation 

on the ionizable groups. In the calculation, the estimated SCOOH under such weak-base condition 

leads to approximately zero surface potential (Fig. S8), which suggests unstable state and 

disagrees with the experimental data (Fig. 4f). It suggests that non-DLVO forces (e.g., π-π 

stacking interaction) surpassed the total DLVO forces, continuing the aggregation until a 

stronger repulsion is reached. The SCOOH applied to calculate the average particle size under the 

weak base condition is 682.4 and 1822 nm2/ion for KL and OL (both at cinit = 80 g/L), 

respectively. Although the predicted sizes at cinit = 10-60 g/L under the weak base condition are 

still underestimated (Fig. 6c and d), the gap between the measured and predicted values is 

getting closer as cinit increases. It suggests that DLVO forces take charge again in determining 

the aggregation kinetics at the crowded particle spacing and lower equilibrium pH. The larger 

LNP sizes are found in the early stage at the higher initial lignin concentration. It indicated that 

not only the surface charge density and Hamaker constant of lignin but also the initial 

separation distance between LNPs at an early stage can play a crucial role in determining the 
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LNP size via interplaying FvdW, Felec, and FBr. 

In the proposed DLVO-PBE model, the size prediction was performed assuming that 

each particle has the same surface ionizable group density. It should be noted that the dispersity 

of the lignin chains also plays an important role and can explain the disparity between the 

calculated and measured sizes. The dispersity of lignin can reflect on its molecular weight 

distribution which further correlates with the functional group content per lignin molecule.50 

Diverse functional groups in lignin chains and molecular weights led to unevenly distributed 

Felec fields. It can result in heterogeneous growth of LNPs, such as oriented attachments by 

unevenly distributed Felec fields, and thus the bimodal or trimodal particle size distribution 

could appear. One example is the different size distribution at cinit = 10 g/L and over 20 g/L 

under the weak base conditions. At the low lignin concentration (Daverage/κ = 8.5 at cinit = 10 

g/L), the heterogenous distributions of ionizable groups combined with different degrees of 

local screening effects caused the significant variations of attachment efficiency across lignin 

chains. Consequently, a bimodal or even trimodal particle size distribution was observed (Fig. 

4c). By reducing the initial separation distance (Daverage/κ = 6.8 at cinit = 20 g/L), the nullified 

uneven Felec field resulting from the multi-body interactions or increased collision efficiency 

reduced the effect of the heterogeneity of chain attachment especially in the latter stage of the 

collision, thus facilitating the relatively uniform particle formation (Fig. 4d and S7d).

Through the estimation of area per ionizable group for a single lignin chain based on 

reported NMR and GPC data 13, 17, 50, 51, the low or high molecular weight lignin chain can 

contain more ionizable group content on surface (Fig. S9). We further investigated the other 

factors besides heterogeneity by using fractionated lignin (i.e., AKL with Mw 6017 g/mol by 

removing small molecular weight fractions) was used in LNP synthesis. AKL-NPs had a 

particle size of 42.86 nm (Đ = 0.25) when DI water was used as the antisolvent, which agrees 

with the negative correlation between the size and molecular weight. Synthesized under weak 
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base conditions, AKL-NPs were compared to the LNPs of EKL (Mw 2705 g/mol) and KL (Mw 

5529 g/mol). A multimodal/broad size distribution of AKL-NPs was observed at cinit = 10-40 

g/L (Fig. 6e). The 1st peak of the AKL-NPs size distribution was compared with the predicted 

size (Fig. 6f). Using the same estimated SCOOH from KL, a better agreement (relative error of 

8-29 %) was achieved than the unfractionated KL (relative error of 34-67 %) expect at cinit = 

60 g/L. It suggests that our DLVO-PBE model can better predict the assembly of lignin chains 

with narrow-range, relatively high molecular weight. One the other hand, it also suggests that 

while sufficient Felec can be quickly achieved due to the adequate negatively charged groups 

on surface, the uneven distribution of Felec might be still present and some non-DLVO forces 

would take control of the particle growth over the DLVO forces. At cinit = 60 g/L, the shorter 

separation distance suppresses the exposure of surface ionizable group, and the original 

calibration point may be still applied, which is similar to that depicted in Fig. 6a-d. In all, it 

can be inferred that when lignin chains have sufficient Felec leading to low collision efficiency 

and being meta-stable at a smaller size, the inherent heterogeneity of lignin can cause an uneven 

Felec field. Besides, non-DLVO force can get involved, further complicating the particle growth. 

In the future work, incorporating heterogeneity of lignin as well as non-DLVO force in the 

energy calculations would be expected to increase the accuracy of the size prediction model.

4.4. Plausible aggregation patterns in LNP formation

The collision-driven aggregation toward LNP formation is mostly self-assembly under 

weak acid conditions as previously reported.13, 14, 17, 19 The equilibrium of such an aggregation 

is a function of FvdW, Felec, and other interactions such as hydrophobic interactions and steric 

interactions. After mixing with an antisolvent, aggregation is initiated until sufficient repulsive 

force is reached, and the resulting particle sizes become stable. Based on the insights gained 

from this work, it becomes clear that colloidal dispersion forces, such as electrostatic and van 

der Waals interactions, are modulated by solution chemistry. The modulation ability is due to 
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the pKa values of different functional groups and Hamaker constants of lignin. It should be 

noted that the factors such as the mixing rate for adding an antisolvent/agitating a mixture can 

also influence the final particle sizes and dispersity.2, 3 In recent studies, the incorporation of 

shear force in theoretically calculation was proposed on classical spherical particles 

aggregation model, 52, 53 which can be subject of future study in polymer self-assembly. 

Nevertheless, the influence of mixing methods was taken into account in our size prediction 

model using appropriate calibration points, which were consistent across all the associated data 

points. Further investigations into dynamic fluidic properties would particularly elucidate 

mixing effect on particle sizes.

Overall, the size prediction can be performed by coupling the particle-particle 

interaction energy profile based on DLVO theory with the population balance model. 

Essentially, such DLVO force-driven aggregation pattern is favored by lignin that tends to be 

highly folded and hydrophobic core can be easily formed and stable. Ionizable functional group 

content and molecular weight distribution of lignin are two key intrinsic characteristics 

determining aggregation. The carboxyl groups in lignin mainly contribute to Felec in particle-

particle interactions (Fig. S4). From the energy perspective, the particles containing more 

ionizable groups like carboxyl groups can result in a deeper energy barrier even at a small size. 

However, we found that those functional group contents in lignin do not directly correlate with 

the particle-particle interaction forces. For example, OL with more carboxyl groups than KL 

and EKL, forms larger particle sizes. Similar observations were also reported in prior studies.17, 

31 The phenomena can be attributed to ionizable phenolic hydroxyl groups and molecular 

weight. Phenolic hydroxyl functional groups that are ionized at different degrees (Fig. 1 and 

S2) can potentially interrupt molecular interactions such as π-π stacking and hydrogen bonding 

interactions. In addition, lignin with high molecular weight can be easily self-aggregated due 

to steric hindrance, thus preferably forming into smaller particles (Fig. 1c). External factors 
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such as low pH and high salt concentration not only reduce the Felec via the screening effect, 

but also maintain the folded structure of lignin by decreasing the dissociation degree of 

ionizable groups. On the other hand, a folded structure of lignin responds to the availability of 

ionizable groups on the surface, which eventually determines the repulsive energy barrier of 

particles. A high initial lignin concentration (corresponding to a close particle separation 

distance) would reduce the surface ionizable group density by increasing collision efficiency, 

thus resulting in large particle sizes.

For the underestimation in model-predicated data mostly found from weak base 

conditions or more hydrophilic lignin, the non-DLVO force and heterogeneous nature of lignin 

are believed to be the main causes. For example, the screening effect from NH4
+ and HCO3

- 

ions under weak base conditions cannot significantly determine the energetically equilibrated 

particle sizes. One reasonable explanation is strongly hydrophilic and/or hydrophobic 

interaction forces caused by structured water molecules. The ionizable functional groups can 

create the structured water molecules on the surface of LNPs. On one hand, steric repulsion 

could thus be generated due to strong solvent-surface interactions rather than solvent-solvent 

interactions.54-56 on the other hand, the metastable water molecules results from the interactions 

between hydrophobic groups and water molecules and can further act as a bridge force between 

surfaces inducing strongly attractive surface interactions.55, 57

We proposed six assembly patterns of lignin chains based on different lignin structures 

(Fig. 7). Under a weak acid condition, lignin like KL with a good amphiphilic balance and 

relatively high molecular weight can form nanoparticles (Route A). Lignin like AKL with 

higher molecular weight reaches equilibrium at the smaller sizes than OL and EKL with less 

collision and attachments. lignin such as OL and EKL with smaller molecular weight or more 

hydrophobicity tends to grow into the large and irregular particles as more lignin chains attach 

on surfaces to reach sufficient repulsive forces and maintain stable surface ionizable group 
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densities (Route B). Under a weak-base condition, the deprotonation of both carboxyl groups 

and phenolic hydroxyl groups promotes the formation of more hydrophilic and negatively 

charged surfaces. KL was found hard to attach with more chains to form uniform particles at 

the average particle distance over 18.5 nm (cinit = 10 g/L) (Fig. S6) owing to the strong Felec 

endowed by the ionized groups (Route C). By suppressing the extended structure upon the 

smaller average particle distance and lower pH, part of KL chains can assemble into particles 

again (Route D). The LNP synthesis of OL and EKL is favored under a weak base condition 

due to more ionizable groups exposed on lignin chain surfaces (Route E). However, the lignin 

attachments between small lignin chains might create cavities in a particle or easily lead to 

relatively larger sizes. The different aggregation pattern caused by different molecular weight 

and lignin structure was further observed in the LNP synthesis at cinit = 10 g/L and weak-base 

conditions. The morphology of AKL-, KL-, and EKL-NPs at the high cinit (= 60 g/L) is also 

observed via TEM (Fig. 8). It is clearly shown that KL-NPs had excess amorphous or small 

particles surrounding the surfaces due to the mixed Route C and D. AKL-NPs are mainly local 

clusters, representing Route C. The morphology of AKL-NPs is similar to the reported cationic 

LNP when 1,4-dioxane was the solvent and DI water was antisolvent.58 For the EKL that 

mainly has low molecular weight fractions, the morphology looks similar to KL-NPs at the 

lower concentration and suggests the LNP formation follows Route E. The difference reflects 

the self-assembly patterns between large and small molecular weight fractions. While it brings 

a more negatively charged surface to the aggregated particles, non-DLVO forces get involved 

(Route F). It should be noted that Route F can occur at either moderately low or high pH range, 

but the effects on the final size vary depending on the portion of lignin chains engaged in this 

route. All those routes suggest DLVO forces, non-DLVO forces and/or possibly uneven 

collision efficiency between lignin chains can take part in the particle formation depending on 

amphiphilic balance of lignin and structural heterogeneity. 
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5. Conclusions

Our work demonstrated that the DLVO-force driven lignin chain collision-attachment 

model illustrates the lignin self-assembly from the perspective of interaction forces and predict 

the equilibrium size of lignin nanoparticles under various synthesis conditions. The application 

of the established DLVO-PBE model also allows us to propose a new lignin self-assembly 

mechanism which clarifies six aggregation patterns based on lignin molecular weight, ionizable 

functional groups, and driven forces of the aggregation. This work also suggests new strategies 

for regulating amphiphilic balance of lignin based on lignin structure and solution chemistry 

for size-tailorable nanoparticle synthesis. 
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Figure captions

Fig. 1 (a) Phenolic hydroxyl group contents determined by UV difference method and 31P NMR. 
(b) Ionized phenolic groups of KL, OL, and EKL in 20 mM NH4HCO3. (c) LNP size and Đ as 
the function of molecular weight when DI water as antisolvent and cinit = 10 g/L.

Fig. 2 Schematic depiction of the key factors in both LNP synthesis and the particle-particle 
interaction force calculation.                                                                                                                              

Fig. 3 TEM images. (a) KL-NPs with cinit = 10 g/L and DI water as antisolvent and (b) KL-NPs 
with cinit =30 g/L and 20 mM NH4HCO3 as antisolvent. (c) OL-NPs and (d) EKL-NPs with cinit 
= 10 g/L and 20 mM NH4HCO3 as antisolvent. Scale bar: 200 nm in the main images and 50 
nm in the inset of (c).                                                                                          

Fig. 4 KL-NP size (a) as the function of Daverage /κ (or initial lignin concentration) at 10 mM 
NH4Cl as antisolvent, (b) as the function of Debye length κ (or NH4Cl concentration) at cinit = 
10 g/L, (c) at the selected NH4HCO3 concentration with cinit = 10 g/L, and (d) as the function 
of Daverage /κ (or cinit) at 20 mM NH4HCO3 as antisolvent. (e) OL- and EKL-NP sizes and Đ as 
the function of cinit at 20 mM NH4HCO3 as antisolvent. Two points highlighted in the cyan 
circle are the LNPs synthesized in DI water as antisolvent for comparison. (f) ζ potential of 
KL-, OL-, EKL-NPs synthesized at 20 mM NH4HCO3 as antisolvent. 

Fig. 5 (a) Energy barrier when a sphere with the radius of 24 nm interacts with a sphere 1 to 5 
times larger. (b) Energy barrier between two identical spheres at pH 5.3 and 0.1 mM 
monovalent salt. (c) Brownian motion of spherical particles with the radius of 24 nm. (d) 
DLVO forces between two identical spheres with the radius of 24 nm at pH 5.3 and 0.1 mM 
monovalent salt. 

Fig. 6 Predicted and measured LNP sizes at pH 2.97-5.25 for (a) KL-NPs and (b) OL-NPs, and 
at pH 7.44-8.48 for (c) KL-NPs and (d) OL-NPs. The calibration point is marked as red asterisk. 
(e) AKL-NP size distribution at different cinit with 20 mM NH4HCO3 as antisolvent. (f) 
Predicted LNP sizes compared with the 1st peak of AKL-NP size distribution (calibration point 
from (b) used).

Fig. 7 Proposed mechanism of lignin self-assembly at different pH and with various lignin 
structures. Six proposed lignin assembly patterns (A-F) (marked in the gray circles). 

Fig. 8 TEM images of (a) KL-NPs, (b) AKL-NPs, and (c) EKL-NPs at cinit = 60 g/L and 20 
mM NH4HCO3 as antisolvent.

Table 1 Functional group contents and molecular weights of technical lignin.

* KL: kraft lignin; EKL: 95% ethanol soluble kraft lignin; OL: organosolv lignin. Functional 
group contents determined by 31P NMR; Mw: weight average molecular weight; Mn: number 
average molecular weight. 
 

Lignin* KL EKL OL
Aliphatic OH (mmol/g) 1.81 1.60 1.79
Carboxylic (mmol/g) 0.35 0.48 0.49
Total phenolic OH (mmol/g) 4.71 4.04 2.74
Mw (g/mol) 5529 2705 4055
Mw/Mn 3.10 2.15 2.77
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Fig. 1 (a) Phenolic hydroxyl group contents determined by UV difference method and 31P NMR. 
(b) Ionized phenolic groups of KL, OL, and EKL in 20 mM NH4HCO3. (c) LNP sizes and Đ 
as the function of molecular weight when DI water as antisolvent and cinit = 10 g/L. 

Fig. 2 Schematic depiction of the key factors in both LNP synthesis and the particle-particle 
interaction force calculation.
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Fig. 3 TEM images. (a) KL-NPs with cinit = 10 g/L and DI water as antisolvent and (b) KL-NPs 
with cinit =30 g/L and 20 mM NH4HCO3 as antisolvent. (c) OL-NPs and (d) EKL-NPs with cinit 
= 10 g/L and 20 mM NH4HCO3 as antisolvent. Scale bar: 200 nm in the main images and 50 
nm in the inset of (c).
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Fig. 4 KL-NP size (a) as the function of Daverage /κ (or initial lignin concentration) at 10 mM NH4Cl as antisolvent, (b) as the function of Debye 
length κ (or NH4Cl concentration) at cinit = 10 g/L, (c) at the selected NH4HCO3 concentration with cinit = 10 g/L, and (d) as the function of Daverage 
/κ (or cinit) at 20 mM NH4HCO3 as antisolvent. (e) OL- and EKL-NP sizes and Đ as the function of cinit at 20 mM NH4HCO3 as antisolvent. Two 
points highlighted in the cyan circle are LNPs synthesized in DI water as antisolvent for comparison. (f) ζ potential of KL-, OL-, EKL-NPs 
synthesized at 20 mM NH4HCO3 as antisolvent. 
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Fig. 5 (a) Energy barrier when a sphere with the radius of 24 nm interacts with a sphere 1 to 5 
times larger. (b) Energy barrier between two identical spheres at pH 5.3 and 0.1 mM 
monovalent salt. (c) Brownian motion of spherical particles with the radius of 24 nm. (d) 
DLVO forces between two identical spheres with the radius of 24 nm at pH 5.3 and 0.1 mM 
monovalent salt. 
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Fig. 6 Predicted and measured LNP sizes at pH 2.97-5.25 for (a) KL-NPs and (b) OL-NPs, and 
at pH 7.44-8.48 for (c) KL-NPs and (d) OL-NPs. The calibration point is marked as red asterisk. 
(e) AKL-NP size distribution at different cinit with 20 mM NH4HCO3 as antisolvent. (f) 
Predicted LNP sizes compared with the 1st peak of AKL-NP size distribution (calibration point 
from (b) used).
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Fig. 7 Proposed mechanism of lignin self-assembly at different pH and with various lignin 
structures. Six proposed lignin assembly patterns (A-F) (marked in the gray circles). 

Fig. 8 TEM images of (a) KL-NPs, (b) AKL-NPs, and (c) EKL-NPs at cinit = 60 g/L and 20 
mM NH4HCO3 as antisolvent.
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