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Introduction

Structural and molecular-weight-dependency in
the formation of lignin nanoparticles from
fractionated soft- and hardwood lignins+t

levgen V. Pylypchuk, € *2 Anastasia Riazanova,® Mikael E. Lindstrém®® and
Olena Sevastyanova*®®

The use of lignin from forests as a renewable resource is a greener alternative to the petrochemical industry
and accelerates the progress towards the development of more environmentally friendly industrial pro-
cesses. A better understanding of the complexity of lignin as a raw material is necessary for creating new
sustainable value chains, and a deeper understanding of the forces and interactions driving the self-assem-
bly of lignin nanoparticles (LNPs) is required to create new, more advanced lignin nanomaterials. In the
current study, “a library” of LNPs made from both softwood (spruce) and hardwood (eucalyptus) lignins was
prepared utilizing green solvents-fractionated kraft lignins with narrow structural and molecular weight dis-
persity, and the LNPs were thoroughly characterized with respect to their size, shape, and surface pro-
perties. For both spruce and eucalyptus lignin fractions, the size of the LNPs decreased with increasing M,,
with a decreasing number of phenolic hydroxyls and an increasing number of aliphatic hydroxyl units in the
lignin fraction. The diameter of the LNP's could be varied between 80 and 500 nm, depending on the M,,
of the initial lignin and its concentration. The number of methoxy and phenolic groups in the aromatic ring,
the aliphatic hydroxyls and p-O-4 bonds in side chains in lignin fractions affect the morphology and surface
structure of the LNPs to a significant degree. The LNP's with shapes ranging from doughnut-like structures
to filled interconnected spheres were prepared, depending on the type of lignin phenylpropanoid units
(botanical origin), concentration, and other properties of the lignin fractions. The identified strong depen-
dence of the properties of the LNPs on the inherent properties of the lignin from which they were derived
reveals that it is of crucial importance to select the appropriate starting lignin materials for the controlled
design and synthesis of LNPs. This reduces costs for the subsequent purification and further processing of
the LNPs, and prevents environmental pollution by minimizing the usage of resources. The obtained knowl-
edge provides a clear guideline for the design of new biomass-based materials.

industry, is potentially available in large quantities,” while the
manufacturing costs for nanoparticles obtained from lignin is

Lignin is a natural aromatic polymer which is attracting atten-
tion due to its abundance and unique polymeric properties.'™
Kraft lignin, obtained as a cheap byproduct of the paper pulp

“Division of Wood Chemistry and Pulp Technology, Department of Fiber and Polymer
Technology, School of Chemistry, Biotechnology and Health, KTH Royal Institute of
Technology, Teknikringen 56-58, 100 44 Stockholm, Sweden.

E-mail: ievgenpy@kth.se, olena@kth.se; Tel: +46 764 090 812, +46 767 762 735
"Wallenberg Wood Science Center, Department of Fiber and Polymer Technology,
School of Chemistry, Biotechnology and Health, KTH Royal Institute of Technology,
Teknikringen 56-58, 100 44 Stockholm, Sweden

tElectronic supplementary information (ESI) available: The nanoparticle label-
ing; properties of lignin fractions; full-range SEM micrographs of LNPs obtained
at different lignin concentrations; PDI of LNPs; LNPs zeta-potential data
obtained at different lignin concentrations; carboxylic acid contents for each
lignin fraction; TEM micrographs of LNPs; numbers of S and G units in each
lignin fraction. See DOI: 10.1039/d0gc04058d

This journal is © The Royal Society of Chemistry 2021

estimated to be approximately 1000 USD per t.” Lignin is being
upgraded and used in numerous materials for many appli-
cations, e.g. in the development of thermosets,”” polymer
blends® and packaging,”'® and as an active component and
source in hybrid composites,'" carbons,* adsorbents,"* etc.
Special attention is being devoted to lignin nanoparticles,
which are environmentally benign'* and have been tested for
loading in biomedicines,'® as Pickering emulsions,'® and for
virus agglomeration,'” etc. The main applications of lignin
nanoparticles have been thoroughly reviewed by Sipponen and
Osterberg.>'®

LNPs have been prepared utilizing their self-assembly pro-
perties.'® In general, the structure depends on the source of
the lignin, the selection of the solvent, and the type of nonco-
valent interactions, etc. LNPs grow by controlled nucleation-
growth mechanism,*® where the lignin molecules with a high
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M,, form the initial critical nuclei. In most cases, the size of
the LNPs is dependent on the initial concentration of the lignin.

Lignin is, however, a heterogeneous substance, and it is not
always possible to establish a relationship between the struc-
ture and the properties of the material. To cope with the het-
erogeneity and to obtain a better understanding of the struc-
ture-properties relationship in a lignin-based material, various
fractionation techniques have been suggested, such as mem-
brane ultrafiltration,>>* selective precipitation,>*® and
solvent fractionation.>”*®

LNPs have recently been prepared from ethanol-fractionated
kraft hardwood*® and organosolv*®?' lignins. Ma,**** and
Pang’? showed that the size of LNPs is reversibly proportional
to the M,, of lignin. However, the influence of the initial lignin
concentration on the properties of the final LNPs was not
investigated in these works. Wang,*® on the other hand,
showed that initial lignin concentration is crucial to the mor-
phology of LNPs. The mechanism of the formation of LNPs
was linked to hydrophilic-hydrophobic interactions.*®
However, no direct linkage between the lignin chemical struc-
ture and the size of LNPs was demonstrated, probably because
the selected fractionation methods did not result in extensive
separation between low and medium molecular weights®> and
did not provide a separation of distinct populations of lignin
molecules. No comparative studies between lignin of different
origin were provided in the abovementioned papers.

In the current study, we have used a method of lignin frac-
tionation which allows for the fine-tuning of lignin properties,
such as hydrophobicity, the content of phenolic and aliphatic
units, M,,, and the number of S- and G-units.

Since the formation of LNPs seems to be driven by n—x
interactions and by hydrogen bonding between phenolic rings
of lignin,>*3® the number of phenolic and aliphatic units
should affect the size of LNPs. In the present work, we have
applied a 4-step green fractionation approach, leading to the
separation of different populations of lignin molecules with
respect to their M,, and the number of aromatic and aliphatic
units, to prepare LNPs from well-characterized lignin
materials. We have also varied the initial lignin concentration
for each lignin fraction and have attempted to understand the
impact on the size, shape, and surface charge of the LNPs of
factors such as the lignin origin, the M, the number of S/G
units, the amounts of phenolic and aliphatic hydroxyl groups,
$-O-4 bonds and the content of carbohydrate impurities.

This information allowed us to link the molecular structure
of lignin to the properties of resulting LNPs and to control the
synthesis and fine-tuning of the properties of LNPs to suit
their intended uses. Such a strong dependence of the pro-
perties of the nanoparticles on the inherent properties of the
lignin from which they were derived allows for the selection of
the most suitable lignin fractions to prepare LNPs with the
desired properties, thus reducing costs for the purification and
further processing of LNPs. Also, the application of the green
solvents for the lignin fractionation during the preparation of
the LNPs prevents environmental pollution by minimizing the
usage of unnecessary resources.
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Materials and methods
Materials

Kraft lignins from hardwood (Rose Gum Eucalyptus Grandis)
and softwood (Norway Spruce) were extracted from the corres-
ponding black liquors according to the LignoBoost process.
Ultrapure water (18.2 MQ cm); ethyl acetate, ethanol (96%),
methanol, acetone (all from VWR chemicals); and 0.45 pm
membrane filters (Fisherbrand, PTFE) were used.

Lignin fractionation

The solvent fractionation of kraft lignin has been described
elsewhere.?” Briefly, 20 g of lignin powder was extracted with
200 ml of solvent for 2 hours at room temperature. The soluble
fraction was decanted, the solvent was evaporated and the
lignin material was freeze-dried for 3 days. The insoluble frac-
tion was suspended in the next solvent and the next extraction
step was performed similarly. The solvent order was: ethyl
acetate (EtOAc) (N1), ethanol (EtOH) (N2), methanol (MeOH)
(N3), and acetone (N4). The residual lignin fraction insoluble
in these solvents was numbered as fraction N5. The fractio-
nated lignins were named according to their botanical origin
and the number of the fractionation step by which they were
derived. For instance, the eucalyptus and spruce lignin frac-
tions obtained in the first stage by dissolution in EtOAc have
the abbreviations EL1 and SL1, respectively. The full character-
istics of the lignin fractions have been reported previously®
and are available in Tables S2 and S3 (ESI{).

Size-exclusion chromatography (SEC)

The molecular weights of the lignins were determined utilizing
SEC, according to the protocol reported by Tagami et al
(2016).%*°

Preparation of LNPs

The LNPs were prepared by the antisolvent precipitation
approach. The lignin from each fraction was first dissolved in
acetone : water (4:1, v/v) to give a solution with a lignin con-
centration in the range of 0.1-6 mg ml™*, and the solution was
then filtered through a 0.45 pm PTFE filter to remove undis-
solved material and possible aggregates. The filters after filter-
ing were weighted and the lignin concentration was normal-
ized on the amount of lignin adsorbed on the filter. The frac-
tions show different content of undissolved lignin, in the
range of 0.5-1.3 wt%. Deionized water (4 ml) was then added
dropwise under moderate stirring to 1 ml of the lignin solution
in acetone:water, and the solution was stirred until the
acetone had evaporated. The NPs from the EL1-4 and SL1-4
fractions were obtained. The sample marking is presented in
Table S1 (ESI).

DLS

The zeta potential, average size, and size distribution of the
nanoparticles in the different LNPs “as prepared”, were deter-
mined using a Zetasizer Nano ZS instrument (Malvern-
Pananalytical, Malvern, UK) at 25 °C.

This journal is © The Royal Society of Chemistry 2021
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TEM

For the TEM studies, a Hitachi HT7700 series instrument
(Hitachi, Japan) was used with an accelerating voltage of 100.0
kV and an emission current of 8.0 pA. Samples were prepared
as follows: 5 ul of an LNP suspension (0.2 mg ml~") was drop-
cast onto a 200-mesh copper grid (Ted Pella Inc., USA; prod No
01800-F) and dried in air for 30 min.

SEM

An S-4800 microscope was used (S-4800 Hitachi, Japan).
Samples were drop-cast on a silicon wafer for 30 min and
sputter-coated with a 2 nm layer of Pt-Pd alloy.

Results and discussion

The main purpose of this study was to investigate how the M,,
and chemical functionality of lignin sources affect the size,
shape, and other properties of the LNPs. The kraft lignins from
spruce and eucalyptus used in this study were selected due to
their availability and well-established analytical methods were
used to characterize their properties, including molecular
weight, chemical composition, number of functional groups,
and inter-unit linkages. To vary the lignin functionality and to
avoid both the natural lignin heterogeneity and the heterogen-
eity induced by the kraft pulping process, we have applied the
solvent fractionation approach,”” a reproducible method of
obtaining lignin fractions with M, ranging from 900 to 20 000
Da and PDI values lower than that of the initial lignin.® Five
lignin samples were obtained from spruce (SL1-SL5) and five
from eucalyptus (EL1-EL5) kraft lignin. The low-M,, lignin frac-
tions (EL-1, EL2, and SL1, SL-2), contained the largest number
of phenolic hydroxyls (Ph-OH) and the lowest number of ali-
phatic hydroxyls (Aliph-OH), as shown in Fig. 1a and b. The
lignin fractions (EL5 and SL5) that were not soluble in any of
the solvents contained the lowest number of Ph-OH units, and
these fractions had the highest content of carbohydrate impuri-
ties, usually as lignin-carbohydrate complexes (LCC).>* The M,,,
functional group content, PDI, and content of carbohydrates, of
the different fractions, are given in Tables S2 and S3.f
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The effect impact of the molecular weight of the lignin on the
size of LNPs

The size of LNPs decreased with increasing the M,, of the frac-
tion for both eucalyptus (Fig. 1a) and spruce (Fig. 1b) LNPs.
The fractions with the lowest M,,, EL1 and SL1, gave the largest
LNPs, with diameters of 199 and 173 nm respectively (Fig. 1a
and b); the higher-M,, fractions, such as EL4 and SL4, gave
smaller LNPs, with diameters of 100 and 98 nm respectively.
This trend was found for initial lignin concentrations between
1 and 6 mg ml™" (Fig. 2a and c).

The effect of the initial lignin concentration on the size and
charge of the LNPs

It has been reported in the literature for non-fractionated kraft
lignins that the size of LNPs is proportional to the initial
lignin polymer concentration,*'%*”*® but the size of LNPs
obtained from fractionated lignins has not yet been reported.

As expected, the diameter of LNPs increased with increasing
lignin concentration for all the lignin fractions, both spruce and
eucalyptus in the lignin concentration range of 1-6 mg ml™"
(Fig. 2a and c), and the concentration of 6 mg ml™" shows this
trend clearly (Fig. 2b and d). For the low-M,, lignin fractions,
SL1 and EL1, nanoparticles with a diameter less than 200 nm
were obtained at an initial lignin concentration of 1 mg ml™",
while nanoparticles with a diameter of around 500 nm have
been prepared from the same fractions, with an initial lignin
concentration of 6 mg ml™". The size for LNPs precipitated at a
lignin concentration of 0.1 mg ml™" deviated from the trend,
since they were larger than the LNPs precipitated at 1 mg ml™".
Also, the eucalyptus LNPs prepared at 0.1 mg ml™" had a poly-
dispersity greater than that of all the LNPs prepared at lignin
concentrations 1 and 2 mg ml ™" (Fig. 3). Such a high polydisper-
sity of LNPs precipitated at 0.1 mg ml™" could be due to the low
effective concentration of the polymer, reducing the ability of
lignin molecules to interact and to form LNPs. Unreacted
polymer and its aggregates would disturb the DLS measure-
ment, resulting in a high polydispersity value. This is supported
by SEM data, where a relatively large amount of unreacted
polymer aggregates was observed for LNPs synthesized at
0.1 mg ml™" (Fig. 4, 5, and S1 and S2+).
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Fig. 1 The diameter of LNPs as a function of M,, and the contents of Ph-OH and Aliph-OH in the corresponding lignin fractions for (a) eucalyptus
lignin; (b) spruce lignin. The LNPs were obtained at a starting lignin concentration of 1 mg ml™.
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Fig. 2 Z-Average size (d, nm) of LNPs obtained from eucalyptus (a) and spruce (c) lignin fractions at initial lignin concentrations between 0.1 and
6 mg ml™™. The size trend for LNPs synthesized at 6 mg ml™* from eucalyptus (b) and spruce (d) lignin.

The PDI values of lignin nanoparticles from both spruce
and eucalyptus kraft lignin obtained at initial lignin concen-
trations of 0.1, 1, 2, 4, and 6 mg ml™" are shown in Fig. 3a-c
and Fig. S3.t1 Following the trend in Fig. 3a, one can conclude
that the larger LNP size is associated with larger PDI and LNPs
with diameter below 200 nm possessing the lowest PDI. The
most heterogeneously sized spruce LNP (Fig. 3c) was obtained
with an initial lignin concentration of 6 mg ml™", whereas the
most heterogeneous eucalyptus (Fig. 3b) was obtained with a
lignin concentration of 0.1 mg ml™'. This polydispersity
seemed to be due to the presence of a large amount of
unreacted polymer in the sample. The high PDI for the sample

3064 | Green Chem., 2021, 23, 3061-3072

prepared at 6 mg ml™" was due to a bimodal distribution with
peak diameters at 100 nm and above 400 nm (Fig. 4, 5 and S1
and S2t). For the eucalyptus lignin, the optimum initial con-
centration of lignin for the preparation of a homogeneous LNP
by antisolvent precipitation was between 2 and 4 mg ml™". For
the spruce lignin, the optimum concentration was around
2 mg ml™', regardless of the M,, of the lignin.

Zeta-potentials of LNPs obtained from eucalyptus and spruce
lignin are shown in Fig. S4.7 In general, spruce LNPs have a
higher zeta potential than eucalyptus LNPs. It was concluded
that the smaller the size of LNP, the higher is the zeta potential,
i.e. the charge density is higher on smaller particles.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Mixed data for PDI of the LNPs obtained from eucalyptus and spruce lignin vs. LNP size (a) and the PDI vs. concentration for eucalyptus LNPs
(b) and spruce LNPs (c) at initial lignin concentrations between 0.1 and 6 mg ml™. The size of black circles is proportional to LNPs size.

0.1 mg/ml 1 mg/ml 2 mg/ml 4 mg/ml

(cc)

EL1

EL2

EL3

EL4

Fig. 4 SEM images of LNPs obtained from EL1-4 fractions.
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Fig. 5 SEM images of LNPs obtained from SL1-4 fractions.

Morphology of the LNPs

The dependence of the shape of the LNPs on the concentration
and of the corresponding spruce and eucalyptus lignin frac-
tions is shown in the SEM images in Fig. 4 and 5 respectively.
More detailed SEM images of the LNP ensembles are pre-
sented in Fig. S1 and S2.

In lignin nanoparticles derived from the eucalyptus EL1-2
lignin fractions, SEM micrographs revealed spherical particles,
doughnut-like nanostructures (~30%), and sphere-with-a-hole
particles. The EL3 fraction gave only spherical LNPs only, and
at high initial lignin concentrations, holes, or dimples were
observed in the spheres (Fig. S17).

The LNPs from the spruce SL1-4 lignin fractions consisted
of spherical particles, the size increasing with increasing
lignin concentration (Fig. S2f). The inner structure of the
LNPs differed from that of the SL1-4 fractions, as shown by
TEM in Fig. S5.f For both eucalyptus and spruce, the LNPs
obtained at 1 mg ml™" were more separated, than the LNPs
obtained at higher concentrations with more interlinkages, in
agreement with literature data.'® The core-shell structure of
the SL fractions resembles the amphiphilic behavior of the
lignin molecules, where the hydrophobic regions form the
core. Using liquid-state NMR, Pylypchuk et al.*® have shown
that the core of hollow LPNs consists of hydrophobic aliphatic
units of lignin. The interconnections between LNPs are
formed by the hydrophilic residues and such interactions were
seen on the TEM images of all the LNPs (Fig. S57).

Concentration-dependence of the size of the LNPs within a
single fraction

It was shown that the size of the nanoparticles is proportional
to the initial lignin concentration, but it was interesting to
investigate the trend within a single fraction.

3066 | Green Chem., 2021, 23, 3061-3072

View Article Online

Green Chemistry

4 mg/ml

oEmmm— 20000 -
T 4499 s

6 mg/ml

300 nm
e Cr—
== ke

It is possible to distinguish two groups of LNPs: LNPs
obtained from low-M,, SL/EL1-2 fractions (Fig. 6) and LNPs
obtained from high-M,, SL/EL3-4 fractions (Fig. 7). In the first
group, the particle size increases by roughly ~30% in the con-
centration range of 0.1-4.0 mg ml~'. At a concentration of
6 mg ml™", the average particle size increases by ~200%,
suggesting that some critical concentration governs the mecha-
nism of formation of LNPs. For LNPs from the EL1-2 fractions
(Fig. 6a and c), an increase in zeta-potential with increasing
initial lignin concentration was observed, indicating a decrease
in charge density on the LNPs surface. The same was true for
LNPs from the SL1-2 fractions (Fig. 6b and d), except the LNPs
obtained at 1 mg ml™", where the zeta-potential was the
lowest, indicating that these were highly surface-charged nano-
particles. The high surface charge of LNPs is associated with
the presence of carboxylic groups on their surface, and this is
correlating with acidic groups content in lignin (Fig. S67).

For the LNPs synthesized from high-M,, fractions SL/EL3-4,
the increase in particle size with increasing of lignin concen-
tration was more gradual, with no evident concentration
threshold (Fig. 7a-d).

The relationship between the size of LNPs and the number of
Ph-OH and Aliph-OH groups in the lignin fraction

The size of the LNPs seems to correlate with the number of
functional units in the corresponding lignin fraction (Fig. 1).
Such a correlation in the case of Ph-OH groups seems logical
since the phenolic units in lignin are considered to be the
main groups responsible for LNP formation (via hydrogen
bonding and n-x interactions).**>®

In both eucalyptus and spruce lignins, the number of ali-
phatic groups increases with increasing M,. The smaller

This journal is © The Royal Society of Chemistry 2021
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number of aliphatic hydroxyls in low M,, fractions of lignin
can be explained by a retro-aldol reaction during the kraft
process, as proposed by Giummarella et al.*"** Fig. 1 shows
that the size of LNPs is the opposite, decreasing with an
increasing number of Aliph-OH, even though the lignin M, is
increasing. The largest LNPs with a diameter of ca. 200 nm
were obtained from the EL1 and SL1 fractions, having the
lowest contents of aliphatic OH-groups (Fig. 1a and b).

The smaller size of LNPs from the SL2-4 and EL2-4 frac-
tions can be explained by the participation of aliphatic
hydroxyls in the formation of strong intramolecular hydrogen
bonds. It has been previously reported®® that the degree of
lignin clustering in a solvent is proportional to the aliphatic
content and that this limits lignin solubility. The ability of
lignin molecules to form non-covalent bonds with other lignin
molecules is limited, resulting in smaller LNPs.

The relationship between the size of LNPs and the content of
carbohydrates and -O-4 bonds in the lignin fraction

The low-M,, fractions of spruce and eucalyptus lignin contain
fewer aliphatic side chains due to a smaller number of inter-
unit linkages, and the aromatic structures are therefore con-
nected directly to each other, resulting in a higher aromatic
density.” The EL3-4 and SL3-4 fractions, having a higher
molecular weight, contain a larger number of p-O-4 bonds
(Fig. 8a and b). In the high-M,, fractions, aromatic moieties are
separated by aliphatic side chains, resulting in a lower aro-
matic density. In the case of the SL1-4 and EL1-4 fractions,
the size of LNPs increases in proportion to the lignin concen-
tration in the initial solution (e.g. from ca. 200 to ca. 500 nm
for the EL1 fraction). The differences in NP size can be
explained by the greater degree of intermolecular n-n stacking
in the low-M,, SL1-2 and EL1-2 fractions, than in the high-M,,
SL3-4 and EL3-4 fractions and corresponding LNPs, where
intramolecular stacking dominates.

The LNPs obtained from spruce lignin were smaller than
the LNPs obtained from eucalyptus lignin. At the same time,
spruce lignin fractions had a higher content of carbohydrates
than the eucalyptus fractions (Tables S2 and S3}). The pres-
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ence of carbohydrates may affect the mechanism of formation
of LNPs, hindering the ability of lignin units to form non-
covalent bonds with each other, and that is why we see this
correlation. The slight trend deviation for the LNPs obtained
from the EL4 and SL4 fractions, which were larger than the
LNPs from the EL3 and SL3 fractions, could be due to the low
content of carbohydrates observed in the EL4 and SL4
fractions.

The relationship between the size of LNPs of the S/G content
in the lignin fraction

Both SL1 and EL1 fractions are characterized by a high content
of phenolic units that play the role of “active sites” in the
initial formation and growth of nanoparticles. The LNPs pre-
pared from these fractions were larger than the LNPs obtained
from the other fractions. The eucalyptus kraft lignin fractions
consist mainly of syringyl units (60-70%), and the number of
these S-units decreased from the low to high M,, fractions sim-
ultaneously with an increasing number of guaiacyl units
(G-units), as shown in Fig. S7 and Table S4.f The softwood
lignin consisted mostly of G-units, and the number of these
units was almost constant over all the fractions (~83 + 2%). As
reported by Zhao,** the energy of non-covalent n-x interactions
between G-units is higher than that between S-units. This
results in a stronger bonding between softwood lignin macro-
molecules and a denser packing of lignin molecules during
the formation of nanoparticles and thus smaller LNPs than
these from eucalyptus lignin.

The mechanism of formation of LNP’s with regard to lignin
structure

The self-assembly of the polymers is influenced by the hydro-
philic and hydrophobic interactions between the macro-
molecules. The hydrophobic interactions can be weakened by
the introduction of charged hydrophilic groups that can form
hydrogen bonds with water, and this means that the chemical
structure of the lignin affects the formation of LNPs.

DLS, TEM, and SEM studies indicate that increasing the
lignin concentration from 0.1 to 4 mg ml™" in the EL1-2 and
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SL1-2 fractions doesn’t affect the LNP size. This contradicts
the previous suggestion that LNP growth follows a nucleation
growth mechanism®® where the LNP size increases in pro-
portion to the concentration, and a refined mechanism of for-
mation of LNPs from low-M,, lignins is here proposed.

The formation of LNPs with a core-shell structure reflects
an amphiphilic property of lignin molecules acting as surfac-
tants. These surfactant properties of SL/EL1-2 fractions are
indicated by the fact that they foam during stirring when LNPs
are formed when we assume that LNPs are formed as micelles
due to lignin self-assembly. The presence of low-density
hollow structures in the middle of LNPs, revealed by TEM
(Fig. S51) corroborates this micellar mechanism of LNP for-
mation. The formation of doughnut-shaped structures for
LNPs from EL1-2 fractions at concentrations between 0.1 and
4.0 mg ml™" can also be explained by micelle formation in
acetone/water mixtures. This concentration range probably lies
in the post-critical micelle concentration (CMC) region. The
formation of spherical LNPs was observed at a water content
below 0.2%,** and this suggests a possible CMC threshold for
LNPs. With the SL/EL1-2 fractions at initial lignin concen-
trations greater than 4 mg ml™", some structural rearrange-
ments in the system occurred, leading to a significant increase
(almost double) in the LNP size. This agrees with PDI data for
the LNPs (Fig. 3 and Fig. S37), where the optimum initial
lignin concentration range was between 2 and 4 mg ml™".

The hypothesis that micelles are formed in lignin solutions,
can explain the differences in shape between LNPs from soft-
wood and hardwood. If the formation of LNPs goes through a
micelle stage, it should depend on the geometry of the lignin
molecules in the initial solution, and the molecular geometry
should define packing parameters and micelle shape,*’
leading to the formation not only of spherical micelles but
also of tubes or vesicles*®*” during self-assembly. Softwood
kraft lignin has a lower content of methoxy groups, and a more
crosslinked structure®® than hardwood lignin, where the
higher amount of methoxy groups on S-units prevents the for-
mation of 5-5' linkages and reduces the tendency to form
branched or crosslinked structures in solution. The softwood
lignin forms cylindrical*® or rod-shaped*® molecular associates
in organic solvents leading to spherical particles upon solvent
exchange to minimize the contact area with the non-solvent
phase.”® Eucalyptus lignin forms elongated coiled structures
which assemble into more dense aggregates in organic sol-
vents'® and these probably lead to the formation of doughnut-
type nanostructures for low-M,, eucalyptus lignin. SEM images
of the LNPs synthesized at 0.1 mg ml™" from EL1-2 fractions
(Fig. 4, 5 and S1, 27) show that incompletely closed rings of
lignin nanostructures were present, probably because the
lignin micelles were unable to collide and close up due to the
low effective lignin concentration. When the concentration of
eucalyptus lignin was increased, these structures disappeared
(Fig. 4 and S1t) and only spherical particles were present,
suggesting that the lignin self-assembly into nano-doughnut
particles probably involves the collision of tubular lignin nano-
structures and their rolling up into nano-doughnuts. We

This journal is © The Royal Society of Chemistry 2021
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believe that this micelle formation mechanism of LNP self-
assembly explains the concentration-dependent LNP-formation
data (DLS, Fig. 6 and 7) and the results of the microscopy
studies, but the hypothesis of possible micelle formation in
lignin solutions upon solvent exchange requires further inves-
tigation, including SAXS and WAXS experiments.

The structure-properties relationship between the nano-
particle morphology and the lignin chemical functionality
indicates the crucial importance of selecting an appropriate
starting lignin material. The application of lignin fractionation
for tailoring the lignin functionality improves the linin self-
assembly process into LNPs, allowing the creation of high-
quality nanoparticles with low PDI and tunable size and
shape. The possibility of establishing a structure-properties
relationship for LNPs leads to a deeper fundamental under-
standing of their formation and can significantly boost-up
their end-use applications. The proposed approach makes
closer the overarching goals of green chemistry, namely
resource-efficiency, and, to our deep belief, will contribute to
the safer design of the production of lignin nanomaterials.

Conclusions

Comparison of the LNPs produced using the same protocol
from the lignin of two different origins (hardwood, and soft-
wood), allowed us to link the structural differences in lignin
with the size, shape, and morphology of the LNPs. The use of
a green solvent fractionation step prior to the synthesis of the
LNPs resulted in a range of lignin materials with tailored func-
tionality (i.e., the contents of phenolic and aliphatic units, M,,,
and the number of S- and G-units). This has allowed us to
create a set of high-quality LNPs with low PDI and with
tunable size and shape. For both hardwood and softwood
lignins, the size of the LNPs decreased with a decreasing
number of phenolic hydroxyls and an increasing number of
aliphatic hydroxyl units in the lignin fractions. A greater
number of phenolic units seems to facilitate the interaction
between lignin molecules due to stronger hydrogen bonding
and n-w stacking, resulting in the formation of larger LNPs. A
greater number of aliphatic hydroxyls seems to reduce the
intermolecular bonding between lignin molecules, leading to
smaller LNPs. The stronger interaction between the G-units
than between the S-units of lignin can explain the smaller
average size of the spruce than of the eucalyptus LNPs. The
differences in the shapes between the LNPs from spruce and
eucalyptus can be explained by micelle formation and the pres-
ence of a lignin concentration threshold.

The obtained understanding allows for the selection of the
most suitable lignin fractions to prepare LNPs with low PDI
and tunable size and shape, thus reducing costs for the purifi-
cation and further processing of LNPs. The application of the
green solvents for the lignin fractionation and preparation of
LNPs prevents environmental pollution by minimizing the
usage of unnecessary resources, and, in our opinion, will con-
tribute to the safer design of lignin nanomaterials.
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